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ABSTRACT

A scaled physical-model of a macroalgae cultivation structure was constructed and tested in the
UNH wave tank. The physical-model was a 3x3 tile array, consisting of horizontal kelp-growing
longlines, node buoys, and mooring lines. The model was scaled by Froude number to a 1:180
length scale. Deployment in the UNH wave tank allowed for evaluation of the design’s
performance during wave and current conditions. The model was subjected to waves and
simulated currents in order to investigate its response to dynamic loading conditions, as well any
anomalous behaviors such as snap loading or component interaction. The motion of the system
during various loading scenarios and orientations was captured with cameras, and analyzed via
tracking software. The motion data was then used to identify relationships and trends in the
system’s response. A finite-element analysis companion study of the physical-model was also
executed to complement the results of the motion data, thus providing a better understanding of
how the full-scale system might behave in an offshore environment. Comparison of the two
models was used to identify the strengths of each approach. Model testing did not reveal any
resonances or unexpected behaviors detrimental to the concept. The analysis showed that the
full-scale design is a viable option for cultivating large quantities of macroalgae in open-ocean
environments.
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CHAPTER 1: INTRODUCTION

1.1. Background
Macroalgae cultivation is an increasingly popular aquaculture concept due to its significant
potential as both a food source, and sustainable energy component. While there are many
macroalgae farms around the world, very few (if any) operate on a scale large enough to be
considered an economic source of biofuels (Energy, Department of, 2017). A possible solution to
this inefficiency is to cultivate macroalgae in massive amounts. Doing so requires a system that
produces a continuous, high yield. Due to the nature of macroalgae production, such massive
amounts cannot effectively be grown in inshore and coastal waters due to multi-user, viewscape,
and navigational conflicts. Any high-yield farm requires a deep water, open ocean location to
accommodate the size of the structure on a spatial level. Such site conditions are often high
energy, and therefore demand a physically robust design as well. A Department of Energy,
ARPA-E funded project entitled “Trophic” seeks to design and deploy a macroalgae cultivation
structure that meets the demands for economic viability. The Trophic system employs several
innovations that contribute to increased yield and reduced cost, such as a modular mooring
design, integrated upwelling device, and structural component upgrades (Moscicki, 2020).
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Figure 1.1.a: Sketch of the 2 tile by 2 tile Trophic design in three dimensional space.

The first phase of the Trophic project focused on a feasibility and design concepts study using
numerical modeling. Phase II involves a field study of a portion of the design, as well as
complementary tank testing of a physical scale model to identify any unanticipated behaviors
such as snap loading and component interaction. Tank testing a physical scale model is unique
compared to computational modeling, in that it allows for the investigation of the system’s wave
and current response without making certain assumptions that are typically necessitated by the
numerical modeling process. A common numerical model assumption is that incident flow is
constant throughout the farm during environmental forcing. This assumption implies that the
physical structure of the farm does not alter the flow, and this is questionable for the Trophic
design. Tank testing also provides unique insight into an iteration of the Trophic design that has
yet to be investigated physically, and due to logistical constraints is unlikely to be modeled in the
immediate future. This research focuses on the design, fabrication, and testing of said physical
scaled model.
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1.2. Objectives
The primary objective of this research was to conduct tank testing of a 3x3 scaled physicalmodel Trophic array. The tank testing involved the simulation of full-scale wave and current
forcing to investigate the design’s dynamic response. Subjecting the model to this kind of forcing
allowed for the identification of any potential anomalous behaviors within the design. It also
allowed for the identification of relationships and trends in the system’s response, using motion
data collected during testing. The behaviors and trends were then interpreted and extrapolated to
provide a further understanding of how the full-scale design will perform in an offshore
environment.
The model was tested in two physical orientations within the tank, both with and without the
wave-powered upwellers integrated into the structure. Single frequency waves of two different
heights and four different periods were applied, with and without simulated colinear currents of
two different velocities. The model was also subjected to random seas corresponding to a fullscale, extreme storm.
The finite element software Hydro-FE was applied at full-scale to the physical-model design and
environmental forcing to compare with scaled-up results of physical-model testing. The
comparison was used to identify consistent trends in the array’s wave and current response
behavior. Differences were explained physically, thereby revealing strengths and weaknesses of
both approaches.
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1.3. Approach
The following research discusses the tank testing methods, results, and numerical model
comparison. Physical-model design and fabrication are introduced first, followed by explanation
of the test parameters and the data acquisition process. Data analysis and the subsequent
physical-model results are discussed next, and then the development of the numerical model and
its results. The numerical model results are compared to those of the physical-model, and any
discernable discrepancies between the two are explained. With the physical-model results and
the numerical model predictions better understood, conclusions are drawn regarding the overall
performance of the Trophic design.
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CHAPTER 2: TANK TEST METHODS

2.1 Full Scale Design
The Trophic design utilizes a submerged grid system to support numerous macroalgae
cultivation lines. The grid is composed of multiple individual tiles, and is supported by surface
buoys that provide significant buoyancy at the corners of each tile. Subsurface floats are located
on each mooring line to maintain tension within the system and provide geometric compliance.

Figure 2.1.a: Sketch of the 2 tile by 2 tile Trophic design in three dimensional space. The green
rectangles represent tiles of horizontal kelp growing lines. Each tile has dimensions of 140m x 70m.
The blue arrows indicate nutrient-rich water being upwelled from the depths by the blue hydrofoils that
are connected to the surface node buoys via tether lines. The red lines and the pink dots show the
mooring lines and subsurface buoys, respectively. The structure is moored to the seafloor by multi-line
anchors seen at the bottom of each mooring line.

The design improves upon previously-tested macroalgae farm designs in several important
ways. The modular mooring system utilizes mooring points within the system footprint, instead
5

of solely on the perimeter which frequently limits scalability. The individual tiles of the Trophic
design allow for significant increases in farm scale and depth, which are crucial to making
macroalgae cultivation economically viable. The interior mooring points allow loads within the
system to be shared and locally transferred during high energy scenarios. The modular mooring
system also prevents against cascading failure, which is a critical risk in offshore structure
engineering that is commonly not addressed.
The Trophic design seeks to reduce capital expenditures by employing high performance,
efficient components. Multi-line anchors reduce materials and installation costs. Flexible fiber
ropes were used in this study because of their availability and having known properties.
However, the use of fiberglass rods is also being investigated to potentially minimize the risk of
marine mammal entanglement.
An additional Trophic design innovation involves the use of a nutrient upwelling system. A
series of wave-powered hydrofoils are integrated into the structure to address insufficient
nutrient concentrations that frequently plague macroalgae farms. These upwellers will bring
nutrient-rich water up from the depths and disperse it throughout the farm, promoting ideal
growing conditions year-round. The upwellers are located throughout the structure, and are
connected to the surface node floats via tether lines to allow for wave-induced motion. They also
positively impact the scalability of the Trophic design, in that a larger structure with a greater
number of upwellers leads to better mixing of the water column and increased nutrient dispersion
for a given amount of wave energy.
This study considered a 3 tile by 3 tile array for tank testing. Figure 2.1.a shows a 2 tile by 2 tile
configuration, while full-scale farms may have much larger arrays. The 3x3 was chosen because
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it is large enough to resolve differences between interior and perimeter dynamics, without being
unnecessarily complicated.

2.2 Froude Scaling
The properties of the physical scale model, as well as the parameters of the testing performed,
were all determined via Froude scaling. Froude scaling maintains geometric, kinematic, and
dynamic similitude between a full-scale object and its model-scale representation, determined by
Froude number (Fn). Froude number is the ratio of inertial forces to gravitational forces acting
on an object (Chakrabarti, 1994), and is commonly used in hydrodynamic model testing.
Matching Fn between the full and model-scale scales waves properly, since inertial and
gravitational restoring forces are the principal dynamic processes. Setting model-scale Fn to full
full-scale Fn,
𝐹𝑛 =

𝑈𝑀
√𝑔𝐿𝑀

=

𝑈𝐹
√𝑔𝐿𝐹

.

(2.2.a)

The scale ratio used to design the physical-model was determined based on key parameters of the
full-scale and model-scale environment, such as water depth, wave height, structural dimensions,
etc. To match Fn between model-test and full-scale conditions, full-scale to model-scale
parameter ratios must vary with scale ratio according to results given in Table 2.2.a.
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Table 2.2.a: Scale ratios for Froude models. Scale ratio 𝝀 is the ratio of a full-scale dimension to the
corresponding model dimension. (Heller, 2012)

2.3 Scale Model Design
2.3.1

Overall Configuration

A 3x3 array was selected for the scaled physical-model in order to test an iteration of the Trophic
design that contains a completely interior tile. The scale ratio was determined based on the
dimensions of the test environment (the UNH Wave Tank) and the desired 3x3 design geometry.
The 3x3 array has a footprint of one tile length larger than the array, meaning a 3x3 system has a
total footprint equal to the dimensions of a 4x4 array. This combined with the necessary
clearance between the model footprint and the tank walls resulted in a 1:180 length scale ratio.
This ratio then dictated the dimensions of the physical-model, seen in Table 2.3.1.a. The depth of
the intended full-scale deployment site was 52m, which when Froude-scaled results in a depth
that is far less than that of the UNH Wave Tank. Therefore, the physical-model required an
artificial seafloor to simulate the proper scaled water depth. The details of this artificial seafloor
are seen in the following section. The design of the model itself focused on matching all of the
inertial, buoyant, and gravitational forces of each of the various components, such that the
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system’s hydrostatic and hydrodynamic behavior was as similar to that of the full-scale design as
possible. Certain assumptions necessary to scale model fabrication were made during the design
process, and these are discussed in the following sections. It is important to note that the
physical-model, being designed and tested at such an extreme scale ratio, was subject to very low
Reynolds numbers and therefore experienced significant viscous effects that the full-scale
structure would not. This is common with Froude-scaled physical-models, and was considered
during the interpretation of all test results.

Table 2.3.1.a: Full-scale and model-scale Trophic array characteristics.

3x3 Trophic Array
Tile Dimensions
Footprint
Water Depth

2.3.2

Full-Scale
420 x 210m
560 x 280m
52m

Model-Scale
2.33 x 1.17m
3.11 x 1.56m
0.2889m

Artificial Seafloor Design

The depth of the intended full-scale deployment site is approximately 52m deep. This is the
depth of the UNH offshore aquaculture research site and would be typical for a large-scale kelp
farm. The 1:180 scale ratio therefore dictated a model-scale depth of 0.2889m. With tests to be
completed in the UNH wave tank, which has a depth of 2.44m, an artificial seafloor had to be
fabricated to satisfy the depth requirement. The seafloor frame had to be minimalistic to avoid
any significant flow disruption during forcing scenarios. It also needed to be rigidly installed
within the wave tank. The seafloor consisted of aluminum beams and threaded steel rods, and
was bolted onto the wave tank’s tow carriage. The aluminum beams served as the frame of the
seafloor, and the steel rods served as anchor points for the model. The frame was fabricated such
that the steel rods were located horizontally at the desired depth below the surface, once it was
9

suspended from the carriage. Suspending it from the tow carriage enabled the model to be towed
to simulate current forcing as well.

Figure 2.3.2.a: Artificial seafloor frame schematic, looking down the length of the UNH wave tank.

Figure 2.3.2.b: Artificial seafloor frame schematic looking across the UNH wave tank.
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2.3.3

Component Design

Scale model fabrication is non-trivial, and that fact is exacerbated when the scale ratio is as
extreme as 1:180. Each model-scale component must have physical properties that are
theoretically identical to what the full-scale dictates. However, Froude-scaling with drastic scale
ratios often causes these properties to be extremely small and sometimes impossible to match.
Therefore, simplifying assumptions must be made in order to make model construction feasible,
while still maintaining certain parameters that are crucial to the full-scale design. As seen in
Table 2.3.3.a, each component has full-scale, model-scale, and physical-model values. Full-scale
refers to the parameters of Trophic design, model-scale refers to the Froude-scaled full-scale
values, and physical-model refers to the actual properties of the physical-model components,
since duplicating the model-scale values exactly is nearly impossible. The exact dimensions of
the full-scale components had not been finalized at the time of physical-model design, so
component design focused on matching the most influential physical properties.

Surface Node Floats: These surface floats are key elements in the Trophic system, as they
support the entire submerged grid and mooring structure. They are located at the corners of each
tile, meaning there are sixteen of them in a 3x3 array. In the case of the node floats, net buoyancy
was the parameter of interest, and they were assumed to be spherical in shape.

Node Float Connections: Node float design was complicated by the fact that they needed to
include a connection point, so that each of the structure’s many lines could attach to them at the
specified grid depth below the surface. The full-scale system incorporates a connector piece, but
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the exact design had not been determined yet. The model-scale connections were designed such
that one end was located at the intended grid depth, and the other was attached to the bottom of
the node float itself. The most important parameter of these node float connectors was weight.

Connection
Piece

Figure 2.3.3.a: Sketch of a physical-model surface node float.

Node Floats & Connections: The node float and connection components were designed with
potential scale ratio difficulties in mind. Therefore, the physical properties of interest for each
were combined in the process outlined below.
1. The physical-model node float radius was calculated based on the full-scale net
buoyancy of the node float and node connection, assuming a spherical node float.
2. The physical-model node float material was selected with a density that resulted in
a greater net buoyancy than the model-scale node float dictated.
3. Copper wire was selected to serve as the physical-model node float connection
material due to its pliability, strength, and wide variety of available diameters.
4. The maximum allowable wire weight was calculated based on the excess net
buoyancy of the physical-model node float.
5. The wire volume was calculated based on the density of copper.
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6. The necessary wire diameter was calculated based on the wire volume.
7. The overall length of copper wire to be used for each connection was determined
based on the wire volume and diameter.

Subsurface Tension Floats: Tension floats refer to the subsurface floats located at the middle of
each mooring line. They have relatively low buoyancy, but serve to maintain tension within the
mooring system and provide geometric compliance. The model-scale tension floats were also
designed in a way that matched certain important qualities of the full-scale system, while
accounting for difficulties in the physical-model fabrication process. The full-scale tension floats
were assumed to be cylindrical, and once again net buoyancy was considered the most important
parameter.

Mooring Lines: Mooring lines refer to any of the lines that attach to the surface node floats and
secure the structure to the seafloor. Each node float unifies four mooring lines, resulting in sixtyfour total mooring lines terminating in twenty-five different anchor points for the 3x3 array.
They were a relatively simple component to model since the intent of model-testing was purely
to investigate motion response, and not loads within the system. With tensile strength not being a
design factor, the physical-model lines were designed strictly based on cross-sectional area.

Header Lines: Header lines, or parabolic lines, refer to the curved lines that run between adjacent
node floats and serve as the attachment points for the longlines. Cross-sectional area was the
design parameter of interest once again. The Trophic design gives these lines a parabolic
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geometry that provides each longline with a uniform tension. The full-scale header lines form a
parabolic shape with an arc depth h of 17 m. The parabolic shape was calculated according to
𝑥2

𝑦 = ℎ (1 − 𝑎2 ) ,

(2.3.3.a)

Figure 2.3.3.b: Parabolic segment with parameters h and a defined.

where the parameters h and a are defined as seen in Figure 2.3.3.b

Longlines: Longlines, or cultivation/grow lines, refer to the horizontal lines that span the length
of each tile. These serve as the “substrate” for the kelp to attach to, and subsequently suspend
from throughout the grow period. The longlines are attached to the curved header lines at the end
of each tile, and provide the tension that gives the header lines their parabolic shape. The fullscale structure has thirty-six longlines per tile, and a total of 106 lines for three adjacent tiles
when accounting for the two shared lines. It was simply not feasible to include thirty-six lines
per tile in the physical-model, so the lines were aggregated such that each model-scale tile had
six lines for a total of sixteen lines for three adjacent tiles. The cross-sectional area of the modelscale longlines was deemed irrelevant since they were to be completely encompassed by kelp, so
their diameter was the same as the header lines.

Upweller Tethers: The upweller tethers are the vertical lines that attach the upwellers to the node
float connections. Tethering the upwellers to the node floats allows the suspended hydrofoils to
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rotate and induce upwelling when the floats experience wave action at full-scale. The exact
dimensions of the upweller tethers had not been determined yet, so once again their diameter was
the same as the header lines.

Kelp: Physical-modeling of the kelp at such a drastic scale ratio was challenging, so several
simplifying assumptions had to be made. There is no clear consensus on the mass density of
actual kelp, as it tends to vary between species and even environmental conditions. There’s
evidence that some kelp strains can be positively buoyant while others are negative (Flavin,
Flavin, & Flahive, 2013), and at the time of physical-model design the full-scale kelp was
considered to be slightly positive. With this in mind, positively buoyant HDPE plastic sheeting
kg

was deemed an acceptable representation as it has a density of ~950 m3, which is similar to the
full-scale density that was being considered. This material was chosen since it would result in
similar dynamics when subjected to flow, and could be easily manipulated to yield the proper
projected areas. It was decided that the projected area contribution would be the key design
factor, as the kelp induces significant drag forces that affect the motion of the entire structure.
The full-scale Trophic system specifies that the kelp will typically be harvested after growing to
a length of one meter, so the projected area resulting from this kelp length was the key design
constraint for the physical-model. The length of the model-scale kelp was calculated using the
total full-scale kelp projected area, in conjunction with the known longline lengths of the
physical-model. Model kelp area on one equivalent longline was six times the scaled area of 1 m
long kelp on a single full-scale longline. The resulting model-scale kelp length was 3.54 cm, and
the plastic sheeting was cut vertically every centimeter to more accurately simulate the
individual fronds of the full-scale kelp.
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Upwellers: The complexity of the full-scale upwellers combined with the scale ratio made their
physical-model design and fabrication difficult. Several simplifying assumptions had to be made.
It was decided that the physical-model upwellers would not rotate with wave action as the fullscale will, but would instead provide a constant static weight and simulated downward drag force
during wave action. At the time of physical-model design, the full-scale upweller design had not
been finalized, therefore certain parameters of the Phase II pilot size upweller design had to be
extrapolated. The diameter of the Phase II upweller is 25 m, and the diameter of the full-scale
upweller is expected to be 10 m. This length relationship was used to Froude-scale peak loads
experienced by the Phase II upweller down to model-scale values. Static weight of the upweller
was another important design criterion that was scaled down from the Phase II size, and
incorporated into the physical-model upweller. The Phase II and full-scale upwellers are also
unique in that the pitch of the blades causes them to experience a significant downward drag
during the trough-crest cycle of a wave, yet very little drag during the crest-trough cycle. With
all of the above criteria taken into consideration, it was decided that the upwellers would be
simulated by disk-shaped structures in the physical-model. To represent an upweller’s effect on
the array, the disk area was sized so the disk drag force matched the scaled downforce of the
hydrofoil upweller, when the tether was pulling upwards. The drag force 𝐹𝑑𝑛 was calculated
using a drag coefficient approach,
1

𝐹𝑑𝑛 = 2 𝜌𝑐𝑑𝑛 𝐴𝑈 2

(2.3.3.b)

using a drag coefficient 𝑐𝑑𝑛 of 1.17 (Hoerner, 1965), 𝜌 as fluid density, A as disk area, and U as
the upwards pulling velocity. Knowledge of the necessary model-scale drag force, combined
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with physical-model test parameters that result in maximum vertical fluid velocity allowed for
the calculation of each disk’s required projected area.
Table 2.3.3.a: Component specifications full-scale, model-scale, and as used in the physical-model.

Component

Parameter

Node Float
Node Float
Connections
Node Floats +
Connections
Tension Floats
Mooring Lines
Header Lines
Header Lines
Longlines
Kelp
Kelp
Upwellers
Upwellers
Upweller
Tethers

2.3.4

Net Buoyancy
Weight

Full Scale
Value
62.5 kN
3000 N

Model Scale
Value
.01072 N
5.144e-04 N

Physical-model
Value
.01244 N
.00224 N

Net Buoyancy

59.5 kN

.0102 N

.0104 N

Net Buoyancy
Diameter
Diameter
Arc Depth
Diameter
Length
Projected Area
(3x3 array)
Peak Load
Static Weight
Diameter

6100 N
5.08 cm
3.81 cm
17.0 m
1.59 cm
1.0 m
3.560e+04 m2

.00105 N
0.2822 mm
0.2117 mm
9.44 cm
0.0882 mm
0.556 cm
1.098 m2

.00105 N
0.280 mm
0.2159 mm
9.40 cm
0.2159 mm
3.54 cm
1.098 m2

12.8 kN
627.6 N
--

0.0022 N
1.076e-04 N
--

0.0020 N
1.148e-04 N
0.2159 mm

Material Selection

The materials used for each of the scale model components were selected primarily based on
their physical properties and how well they satisfied the full-scale requirements. Commercial
availability and workability were considerations as well, during the design of this scaled
physical-model. The table below lists all the components, their materials, and their relevant
physical properties.
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Table 2.3.4.a: Physical-model component materials and physical properties.

Physical-Model
Component

Material

Node Floats (spheres)
Node Float Connections
Tension Floats (cylinders)
Mooring Lines
Header Lines
Longlines
Kelp
Upwellers
Upweller Tethers

R13 Insulation Foam Board
21 Gauge Copper Wire
Airex Structural Foam
30lb Braided Fishing Line
15lb Braided Fishing Line
15lb Braided Fishing Line
HDPE plastic sheeting
Aluminum Foil Tape
15lb Braided Fishing Line

Diameter
[ mm ]

Mass Density
kg
[ 3]
m

13.64
.723
4.366
.2794
.2159
.2159
-10.436
.2159

36
8960
85
930
930
930
950
2700
930

2.4 Scale Model Fabrication
2.4.1

Frame Fabrication

Frame fabrication was fairly straightforward due to the simplicity of the design, seen in Figures
2.3.2.a and 2.3.2.b. Two, twelve-foot sections of 8020 aluminum were cut down to a length
slightly greater than the maximum mooring footprint, and served as the longitudinal supports of
the seafloor frame. These beams were then measured and marked at the appropriate locations of
the anchor rods every 0.778 m apart. Holes were then drilled in the sides of the beams at the
marked locations, and the six-foot threaded steel rods were slid through each hole to unify the
two longitudinal supports.
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Support post

Anchor rods

Longitudinal beam
Figure 2.4.1.a: Artificial seafloor frame resting on a blue transport dolly during fabrication.

Nuts were threaded onto the ends of each rod on both sides of the supports, to tension the system
and minimize low frequency oscillations of the rods. An additional aluminum beam was cut into
four sections, each with a length slightly greater than the distance from the bottom of the tow
carriage to the intended model scale depth of .289 m. These four support posts were bolted onto
the longitudinal supports in a vertical orientation, such that the vertical location of the frame
could be adjusted. Doing so allowed the depth of the steel anchor rods to be set at the desired
value at the time of model testing.
2.4.2

Frame Testing

Prior to testing of the physical-model, the artificial seafloor frame was subjected to wave and
current forcing as well. This was done to ensure that the frame itself did not bend or exhibit
motion that would translate into motion of the model. The frame was tested in both 0˚ and 90˚
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orientations, and with rather extreme wave and current values relative to those of model testing.
A GoPro camera was mounted below the surface, focused on a particular taped-off section of one
of the anchor rods. The camera recorded motion of the anchor rod during the forcing trials, and
the videos were analyzed with a tracking software to yield average values of the rod’s vertical
and horizontal motion. This method of motion analysis is the same used for the physical-model
testing and is discussed in depth in section 2.7 below. The frame did not bend during forcing, but
the anchor rods did exhibit some high frequency oscillations with amplitudes that would likely
corrupt future model testing. To account for this, small diameter braided fishing line was
connected between the centers of adjacent anchor rods, effectively unifying all five and
significantly damping their oscillations.

Figure 2.4.2.a: Braided fishing line installed in the seafloor frame to dampen anchor rod oscillation.

The frame did not bend during testing due to its rigid mounts on the bottom of the tow carriage,
however some undesirable frame bending was observed during transportation between the
laboratory and the wave tank. This was addressed by installing tensioning cables (seen in Figure
20

2.4.2.b) between opposing vertical posts. These cables ran below the longitudinals and pivoted
around the bottom of the verticals, ending at a set height on the outside edge of the verticals.
Attaching these lines with zip ties on one end allowed them to be tensioned, which helped the
frame to maintain its shape instead of bending inward during transportation.

Figure 2.4.2.b: Tension cables installed in the seafloor frame to minimize frame bending during
transportation.

2.4.3

Temporary Base Table

Attaching the grid system to the artificial bottom with it submerged in the tank was not feasible,
so instead the array was attached in the laboratory where it was assembled. However,
constructing a buoyancy-tensioned grid system in the absence of water was not without
difficulty. It was decided that the entire array would first be assembled on a temporary base table
(Figure 2.4.3.a), as to only have two dimensions to deal with for simplicity. This base table
allowed for the precise location of nodes and the proper grid geometry.

21

Figure 2.4.3.a: Temporary base table used to assemble the grid system. The 4’x8’ sheet of plywood
served as the base that the grid was assembled on. The black strips of plastic sheeting are the physicalmodel kelp representations attached to the longlines of the nine-tile array.

2.4.4

Components

Node Floats

Connection
Pieces

Figure 2.4.4.a: Surface node floats with copper wire node float connections
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Surface Node Floats: Each node float was created by first cutting 1.5 cm cubes from the R13
insulation foam board. The center of one side of the cube was marked, and a circle of 1.4 cm
diameter was drawn on that surface. A belt sander was then used to transform the foam cube into
the intended shape. The cube was sanded down so it had the appropriate height, and then sanded
down to a cylinder based on the marked circle. Once this cylinder with a 1:1 aspect ratio was
formed, it was meticulously sanded down into an approximately spherical shape. Finally, each
rough sphere was gently rolled between two hard surfaces to reduce the number imperfections
and achieve a nearly perfect sphere. Multiple measurements of the spheres’ diameters were taken
with a digital caliper to confirm that they had the required diameter.

Figure 2.4.4.b: Surface node float with required diameter of 13.64mm.

Once the node floats were fabricated, they were painted to seal and smooth the surface and to
make them more detectable for motion tracking purposes. A neon orange spray paint was applied
to each node. In order to minimize the added mass from the paint, it was applied by hand instead
of spraying it directly. This greatly increased the visibility of each node while adding a negligible
amount of mass from the paint.
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Node Float Connections: The copper wire was cut into 6.23 cm long segments based on the
previously calculated maximum wire length. The segments were then bent in half around a 1/4”
bolt, and the two ends were twisted together. This created a wire shaft with a loop termination.
Lastly, the shaft ends of the wire connectors were embedded in the node floats and adhered with
an epoxy resin mix. The wire shaft was embedded in the foam such that the middle of the loop
was positioned at a prescribed distance from the node’s waterline (Figure 2.4.4.a). This
prescribed distance is the model scale grid depth of 1.94 cm.

Subsurface Tension Floats: With the 3x3 physical-model requiring sixty-four very small tension
floats (Figure 2.4.4.c), efficiency was paramount in the construction of these components. An
extrusion tool was used to rapidly create cylinders of a consistent diameter from a block of Airex
structural foam. This diameter and the density of the material were then used to calculate the
necessary cylinder length of 7.79 mm. Each cylindrical extrusion was then cut to this length,
resulting in sixty-four tension floats with the proper net buoyancy.

Figure 2.4.4.c and Figure 2.4.4.d: Subsurface tension floats with the required 7.79 mm length.
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Mooring Lines: The mooring line material was cut to its required length of 53 cm to account for
inelasticity, and then each line was threaded through a tension float with a sewing needle. Once
the rest of the grid had been installed within the seafloor frame (a complicated process described
in the next sub-section), the mooring lines were attached to their marked locations on the anchor
rods, and to their respective node float connections. Lastly, the center of each mooring line was
marked, and the tension floats were set there using a dot of superglue on each end of the
cylinder.

Figure 2.4.4.e: Mooring lines with subsurface tension floats centrally located.

Header Lines: A properly scaled parabolic curvature was implemented using the aforementioned
parabolic equation to determine the coordinates of kelp longline attachment points along the line.
These coordinates were marked on the temporary base table (Figure 2.4.4.f), and finish nails
were placed at these locations. One end of the header line was then tied to a node float
connection, and the line was tensioned around the finish nails and then tied to the adjacent node
float connection, forming the accurate parabolic curvature.
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Figure 2.4.4.f: Precise header line geometry marked on the temporary base table.

Longlines: With the header lines tensioned within the grid, the three sets of longlines for each
tile were installed. The longline material was tied at one end to a parabolic header line at a
marked location, and then it was threaded and woven through the top of the kelp sheet sections.
Once through the kelp, the longline was tied to the same respective location on the opposing
header line.

Kelp: The kelp was constructed by laying out the plastic sheeting on a flat surface (Figure
2.4.4.g), measuring the three calculated longline lengths, and slicing the material at each of the
lengths to indicate the ends of the strips. Then each strip was sliced to the calculated kelp length
and removed from the material. Lastly, each kelp strip was sliced at one-centimeter increments to
simulate individual kelp fronds.
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Figure 2.4.4.g: Kelp material cut to specific lengths and attached to longlines.

Upweller Tethers: The upweller tether lines consisted of the same material as the header lines,
and were cut to a length that positioned the upwellers 5.56 cm off the bottom. This upweller
depth was set by a full-scale depth of 42 m, or 10 m off the seafloor.

Upwellers: The physical-model upwellers (Figure 2.4.4.h), made of aluminum foil tape, were
created by cutting out disks of a specific diameter from the roll of tape. Once the tether lines had
been threaded through the upwellers and glued in place, the adhesive backing was removed from
the disks.
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Figure 2.4.4.h: Upweller and upweller tether line model-scale components.

2.4.5

Model Assembly

Once the nine-tile grid system was fully assembled, the temporary base was positioned within
the artificial seafloor frame (Figure 2.4.5.a), and the center of each tile was aligned with its
respective anchor rod.

Figure 2.4.5.a: 3x3 array on the temporary base table positioned within the seafloor frame.
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In order to separate the grid assembly from the base table, a temporary scaffold structure was
installed in the seafloor frame. This consisted of four vertical posts on each longitudinal that
were in line with each of the node float rows. Temporary lines ran from these verticals and
threaded through each of the node float connections, so that the node float row could be
suspended above the seafloor frame. With all the node float rows supported, the entire frame was
hoisted up using a gantry crane until the grid assembly was no longer in contact with the base
table. The base table was then carefully removed, leaving only the seafloor frame and the
physical-model structure seen in Figure 2.4.5.c.

Figure 2.4.5.b and Figure 2.4.5.c: 3x3 array separated from base table by the scaffolding, allowing for
the removal of the base table.

2.4.6

Installation

Successfully transporting and installing the physical-model in the wave tank proved to be almost
as complex as the assembly itself. The model was moved from the lab where it was assembled to
the wave tank using a mover’s dolly, and then lifted into the air using the larger gantry crane that
straddles the wave tank.
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Figure 2.4.6.a: Physical-model and artificial frame being installed in the UNH wave tank via the
gantry crane.

Once in the air above the walls of the tank, it was maneuvered into place next to the tank’s tow
carriage. Each of the four vertical seafloor frame posts were bolted onto the underside of the
carriage, effectively securing it in place. Lastly, the four scaffold lines were cut, and the
temporary posts were removed, resulting in a properly oriented 3x3 scaled Trophic array with all
sixteen floats at the surface providing tension within the system. Just prior to installation, the
distance from the bottom of the tow carriage to the water’s surface was measured. Doing so
allowed for the seafloor frame to be adjusted such that the anchor rods were located at the
intended physical-model depth of .2889 m. The measurement was taken, and the frame was
adjusted on the day of installation, as it was known that the water level of the tow tank was
subject to change over periods of time.
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Figure 2.4.6.b: Physical-model and artificial frame being lowered down into the UNH wave tank prior
to bolting the frame to the tow carriage.

2.5 Wave and Current Test Program
2.5.1

Overall Test Program

The overall test program involved subjecting the physical-model to forcing in two different
orientations. This forcing consisted of two different wave heights over a range of periods, two
different current speeds, simultaneous waves and currents, and random seas. The motion data
resulting from the regular wave testing was normalized to yield response amplitude operators
(RAOs), and the current data was analyzed to produce setback and submergence values of the
node float. The random sea data was used to generate statistical representations of the two
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different components of motion response. All of the data analysis procedures are detailed in the
following sections.
2.5.2

Orientations

The scaled physical-model was subjected to wave and current forcing in two different
orientations. The first, hereafter referred to as Orientation 1, positioned the structure in such a
way that the longitudinal axis was parallel to the direction of forcing. The second, Orientation 2,
involved a force direction perpendicular to the longitudinal axis. These orientations are
illustrated below in Figure 2.5.2.a. Model testing was conducted in these two orientations both
with and without the upwellers installed, to observe their possible effect on the dynamics of the
structure.

Figure 2.5.2.a: 3x3 Trophic array in 0° and 90° orientations with respect to the direction of forcing.
The solid black lines represent the grid structure of the array, the green lines represent the mooring
lines, and the dotted black lines represent the anchor rods of the artificial frame.
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2.5.3

Waves and Currents

The development of the wave and current test program revolved around the extreme
environmental loading scenarios that the full-scale system is likely to encounter, as well as the
smallest conditions the wave tank could simulate at this scale. The values seen below in Table
2.5.3.a were estimated for the UNH offshore aquaculture site, which was regarded as having
typical environmental conditions (Moscicki, 2019). The extreme, worst-case conditions
implemented in the Phase I numerical modeling were replicated as well.
Table 2.5.3.a: Extreme and worst-case environmental loading conditions.

Loadcase

50-year wave
50-year current
Phase I extreme wave
and current loading
API wave and current
standards

Significant Height
[𝐦]

Dominant Period
[𝐬]

8.5
-14.42

16.0
-16.0

Current Speed
𝐦
[ ]
𝐬
-1.27
0.6

8.5

16.0

0.635

To resolve the array’s frequency dependence, seakeeping response was measured for a series of
single frequency waves. The linearity or nonlinearity of the system was investigated by
completing the series at two wave heights. Based on these environmental loadcases and the
scaling limitations of the wave tank, it was determined that monochromatic waves of 2 cm and
5cm height over a range of periods would be used to develop an understanding of the effect of
wave height and frequency on model response. The 2 cm model-scale wave (the smallest the
wavemaker could produce) translates to a 3.6 m wave at full-scale and was selected to be the
lower bound that induced a linear system response. The 5 cm model-scale wave translates to a
9.0 m wave at full-scale and is representative of a 50-year extreme condition. This was the upper

33

bound wave height considered to induce a non-linear system response. To simulate storm
conditions, random waves generated with the Bretschneider spectra were included in the test
program as well. The significant height and dominant period of these test waves was dictated by
values used in the Phase I numerical modeling of the full-scale Trophic structure. Current speeds
for model testing were selected based on 50-year extreme values observed near the UNH
offshore site. An upper and lower bound of current speeds were chosen, with the upper of 9.3
cm/s (1.25 m/s full-scale) based on the 50-year extreme current value. The lower bound of 4.7
cm/s (0.625 m/s full-scale) was selected based on the American Petroleum Institute’s standards
for modeling simultaneous wave and current scenarios The API standards state that modeling of
50-year simultaneous wave and current loading should utilize 50% of 50-year current values in
conjunction with 50-year wave values (Institute, American Petroleum, 2015). These model-scale
currents were simulated by towing the structure through the wave tank using the tow carriage,
with carriage velocity equal to current speed. Doing so resulted in current velocity that was
uniform with depth. This is not representative of current profiles in the full-scale environment,
however it was the only way that current could be simulated in the physical-model. Additional
test sets incorporated the aforementioned monochromatic wave characteristics with colinear
currents applied as well. This simultaneous wave and current testing was representative of
extreme, worst-case environmental loading that the full-scale structure would be expected to
experience. The full-scale and Froude-scaled wave and current values are listed in Table 2.5.3.b.
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Table 2.5.3.b: Physical-model test parameters with their full-scale equivalents.

Test Parameters
Monochromatic: Heights
Monochromatic: Periods

Random: Significant Height
Random: Dominant Period
Current Speeds

Model-scale
.02 m
.05 m
.75 s
1.0 s
1.25 s
1.5 s
.08 m
1.2 s
.047 m/s
.093 m/s

Full-scale
3.6 m
9.0 m
10.1 s
13.4 s
16.8 s
20.1 s
14.4 m
16.1 s
.625 m/s
1.25 m/s

The model was subjected to all monochromatic waves for a one-minute duration, while the
random wave trials were each five minutes in length and performed twice to generate a complete
spectra. Both of the tow tests were conducted over a distance of eight meters, after an initial
m

acceleration of 0.1 s2. Since the wave height values input to the wavemaker control program
were known to be different from the actual output wave heights, a careful study using wave
staffs was conducted. This study, described in Appendix A, provided the necessary wave height
correction factors.
During tank testing, it was observed that the water level was changing at an unanticipated rate of
approximately 0.19 cm/day due to evaporation. Testing occurred over a seven-day period,
resulting in a total depth change of 1.3 cm. This 4.5% decrease in the scale model water depth
was a significant change that would compromise the motion testing results. Therefore, on the
final test day a subset of the tests completed during day one were repeated to allow for a direct
comparison of the motion data at two different water depths. This comparison was then used to
generate a depth correction factor that was applied to all the affected data sets. The details of this
correction are discussed in section 2.7.3.
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2.6 Data Acquisition
The effects of wave and current forcing on the model’s dynamic response were captured by
recording the motion of a particular surface node float. To investigate the effects on an interior
tile, the target node float was one of an interior tile. The node of interest for both orientations can
be seen in Figures 2.6.a and 2.6.b. The motion of these floats was recorded with a GoPro Hero 4
camera with a 30 fps frame rate, linear field of view, and a 2.7k resolution. The camera was
mounted to a vertical post that was mounted on the wave tank’s tow carriage. It was positioned
above the water’s surface, looking down at the node of interest at a constant thirty-degree angle
relative to the vertical plane. The distance between the node and the camera was maintained
between the two orientations, to avoid creating data sets that could not be directly compared.

Figure 2.6.a: Plan view of the physical-model in Orientation 1 with the target node float labeled.
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Figure 2.6.b: Plan view of the physical-model in Orientation 2 with the target node float labeled.

2.6.1

Visual Observations

In addition to the GoPro videos of the node motion, the motion of the system overall was
recorded from several different angles during some of the tests. These videos were later used to
help confirm certain desirable behaviors such as the wave-induced vertical motion of the
upwellers. Visual observations of the system’s response to forcing were also recorded for each
test to provide a qualitative assessment. The submergence of other node floats, evidence of wake
effects, mooring line slackness, kelp behavior, and changes in component proximity were all
recorded. The qualitative assessment was then combined with the quantitative motion analysis, to
ultimately yield a comprehensive evaluation of the system’s performance.
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2.7 Data processing
2.7.1

Motion tracking

The GoPro camera generated high-resolution videos of node motion for each of the test trials.
Once the model testing concluded, these videos were individually analyzed with a tracking
software. The software, Kinovea, is an open-source program that allows for motion analysis of
objects on the sub-pixel level. The diameter of the node of interest was input as a calibration
distance so that the software could perform the tracking with tenth of a millimeter accuracy.
Then, an object window was centered around the node and the search window was set around
that. The software automatically tracked the center point of the node throughout the video,
generating position versus time data. An example of the tracking software applied to a test video
can be seen in Figure 2.7.1.a.

Figure 2.7.1.a: Kinovea motion tracking software applied to one of the GoPro test videos.
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The automatic tracking was effective at following the node’s center point for a majority of the
videos analyzed, however there were certain conditions that caused the tracking to deviate from
the center of the node, at which point the tracking had to be performed manually. The conditions
that necessitated manual tracking ranged from erratic node motion, partial breaking waves,
drifting kelp partially obscuring the node, or reflecting light. Manual tracking was performed
frame by frame to ensure accuracy. The position data as well as videos of the node’s path during
forcing were output for each test video.
2.7.2

Motion data

The tracking software output data files containing the horizontal (x) and vertical (y) coordinates
of the center of the node of interest, for the duration of each test. The GoPro camera recorded
video at thirty frames per second, resulting in position data with a sampling rate of 30 Hz.
MATLAB, a numerical computational software, was used for the analysis of all quantitative data
collected during model testing. The data files were read into MATLAB and position data was
immediately converted from centimeters to meters. A conversion factor was also applied to the
vertical position data, in order to account for the camera’s thirty-degree angle relative to the
vertical plane. Figure 2.7.2.a illustrates the geometric validity of the angle conversion.
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Figure 2.7.2.a: Motion testing camera setup.

In order to investigate the system’s performance during simulated environmental loading, its
motion was divided into two components. Vertical motion (heave) and horizontal motion (surge)
are the two parameters that were analyzed to develop a characterization of the model’s response.
Figure 2.7.2.b shows a sketch of a physical-model node float with the heave and surge
orientations denoted. The full-scale system will experience loading in three dimensions, but the
characteristics of the wave tank dictated a two-dimensional model-scale analysis since all forcing
was exclusively uniaxial.

40

Surge

Heave

Node
Float
Forcing Direction

Y
X

Figure 2.7.2.b: Sketch of a physical-model surface node float with the motions of interest identified.

The general data analysis process was the same for each of the four test sets. The appropriate
position data was plotted as a function of time, allowing for a visualization of the heave and
surge motion of the node during the tests. Once the plots were inspected to make sure there were
no missing values or anomalous trends, the following test-specific analyses were conducted.
2.7.2.1 Currents
The current-simulating tow test data was processed to produce the average heave and surge
values of the node float. Since this forcing is constant rather than cyclic, the average motion
values represent the average displacement of the node from its initial, static position. The
horizontal displacement is hereby referred to as setback and the vertical is referred to as
submergence. The average values were calculated over a visually approximated steady state
period of forcing, the bounds of which are represented by the vertical dashed lines in Figure
2.7.2.1.a below. The intended current speeds were input into the tow carriage program, however
the actual carriage velocity during testing was observed to be slightly different. The actual
velocities were 5.0 cm/s instead of 4.7 cm/s, and 9.0 cm/s instead of 9.3 cm/s.
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Figure 2.7.2.1.a: Motion tracking data from current testing. The tow speed indicates the intended tow
carriage velocity, and the output velocity is the actual carriage velocity observed during testing. The
vertical dashed lines represent the visually approximated steady state used for data analysis.

2.7.2.2 Waves
Data resulting from monochromatic wave forcing contained the anticipated single frequency
oscillations, as well as envelope variations in the mean motion amplitudes. These variations
represent periods of increasing and decreasing forcing that result from the videos beginning
and/or ending at different periods of time during the testing. Figure 2.7.2.2.a provides an
example of raw heave and surge data that shows these time variations in amplitude.
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Figure 2.7.2.2.a: Motion tracking data from wave testing.

Analyzing data with these periods of non-constant forcing included would skew the resulting
motion values. Incorrect motion values would then ultimately lead to a flawed evaluation of the
system’s performance. Therefore, a subset of the data corresponding to constant forcing, or
steady state, needed to be identified. This steady state window can be identified visually in
Figure 2.7.2.2.a, however there are some fluctuations of the motion even during said window.
Due to the drastic scale ratio, the entire system is extremely sensitive to change. A careless
selection of the steady state window would result in heave and surge amplitudes that are off by a
meter or more at full scale. A mathematical method for determining the steady state window had
to be applied to ensure consistent and quality interpretation of the node’s motion. MATLAB
code was written to execute a LOESS or LOWESS type filter. Typically used for scatterplot
smoothing, these curve fitting methods employ local polynomial regressions to generate a fit for
a given dataset. The type of filter used below is most similar to a LOWESS, in that each value is
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given by a weighted, linear least squares regression within a subset of the data (Cleveland, 1981).
It utilizes a sliding window to fit lines to multiple groups of a small number of data points, for a
given subset of data. The filter used for the wave motion data focused on selecting the steady
state portion of the data, using the slopes of adjacent lines. First, the function identified the peaks
and troughs in the data for a given time index. Then, it fit a first-degree polynomial to
consecutive groups of five heave peaks (i.e. 1,2,3,4,5 then 2,3,4,5,6). The slope of each of these
lines was then calculated, and the average slope of the lines was output along with a t-value
comparing the average slope to a known value (zero).

Figure 2.7.2.2.b: LOWESS type steady state filter applied to heave data.

The LOWESS type filter depicted above in Figure 2.7.2.2.b was implemented as follows. First,
an initial guess of steady state index values was provided, and the filter function was called. The
function plotted the entire heave and surge data sets versus time, with the filter applied to the
initial guess steady state window. The steady state index was then manually adjusted according
to a visual approximation of the steady state. Once the filter was applied to the visually
approximated steady state, the index was again manually adjusted until it resulted in an average
slope and t-value that were as close to zero as possible. An average slope of zero is indicative of
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a time period when the node motion is constant and therefore the forcing is constant. A t-value of
zero indicates that the observed value (average slope) matches the null hypothesis (zero slope)
precisely, meaning that the average slope is not significantly different from zero and that the
observed window represents a steady state. The filter was only applied to peak heave data since
peak and trough values are directly related, and steady state forcing applies to both types of
motion. An example of the applied filter and its output can be seen below in Figure 2.7.2.2.c.

Figure 2.7.2.2.c: Steady state filter applied to isolate steady state period within wave motion datasets for
further analysis.

Nearly zero average slope and t-values output by the filter indicated that there was very little
change in the motion of the node during the selected period of forcing. Therefore, it was
reasonable to conclude that the filter isolated a steady state window, and additional processing of
data within this window would accurately characterize the system’s dynamic response. The
additional processing involved calculating the average heave and surge amplitudes, which were
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normalized by their respective wave forcing contributions to determine response amplitude
operators or RAOs (Dean & Dalrymple, 1991). Heave RAO 𝑅𝐴𝑂ℎ characterizes the node float’s
vertical motion and was defined as
𝑅𝐴𝑂ℎ =

𝐴𝑛ℎ

,

𝐴𝑤

(2.7.2.2.a)

where 𝐴𝑛ℎ is the node float’s heave amplitude and 𝐴𝑤 is the wave amplitude or half of the wave
height H. Surge RAO 𝑅𝐴𝑂𝑠 characterizes the node float’s horizontal motion and was defined as
𝑅𝐴𝑂𝑠 =

𝐴𝑛𝑠
𝜁

,

(2.7.2.2.b)

where 𝐴𝑛𝑠 is the node float’s surge amplitude and 𝜁 is the horizontal motion of the fluid particles
defined as
𝜁=

𝐻 cosh(𝑘ℎ+𝑧)
2 𝑠𝑖𝑛ℎ(𝑘ℎ)

,

(2.7.2.2.c)

where k is the wave number, h is the water depth, and z is equal to zero since the node float was
located at the surface. Heave and surge RAO values for both wave heights were calculated for
each of the monochromatic test periods, and then plotted as a function of wave frequency.
2.7.2.3 Waves and Current
The values of interest for the simultaneous wave and current testing were the same as those of
monochromatic wave testing, but the data was processed in slightly different manner. The
addition of current to the forcing that the model experienced resulted in a maximum node
submergence that gradually decreased with time. This trend, visible in Figure 2.7.2.3.a, caused
the aforementioned steady state window filter to be inapplicable, and so the steady state portion
of the data had to be approximated visually, based on constant amplitudes.
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Figure 2.7.2.3.a: Heave data from a wave and current test, illustrating how the steady state filter could
not be applied to these loadcases.

The encounter frequency 𝑓𝑒𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟 of the waves relative to the node float was calculated for
these datasets as well and was defined as
𝑓𝑒𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = Ω +

2π𝑈𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝜆

,

(2.7.2.3.a)

where Ω is the wave frequency, 𝑈𝑐𝑢𝑟𝑟𝑒𝑛𝑡 is the simulated colinear current speed, and 𝜆 is the
wavelength. This was necessary since the simulated colinear currents increased the frequency at
which the system encountered the waves. The heave and surge RAO values were plotted as a
function of both wave and encounter frequency.
2.7.2.4 Random Sea Statistics
The position data produced by the random sea trials was interpreted with a spectral analysis
approach that is detailed further in Appendix A. Smoothed power spectra of the heave and surge
data were generated, and band and ensemble averaged. Since the collection of random wave
forcing data was not possible at the time of testing, statistical representations of node float heave
and surge motion were calculated and defined as
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𝐻𝑟𝑚𝑠 = √8 ∗ 𝑆𝑡𝑑_𝑑𝑒𝑣 ,

(2.7.2.4.a)

where 𝑆𝑡𝑑_𝑑𝑒𝑣 is equal to the integral of the heave or surge spectrum over the frequency range
of the definitive peak in spectral energy. It should be noted that the five-minute long random
wave trials created a return current within the tank that occasionally pushed the kelp and
upwellers upstream, even during forcing. This phenomenon was the result of a re-circulating
surface drift caused by the reflected waves in the tank.
2.7.3

Depth correction

As introduced in section 2.5.3, a depth correction factor had to be applied to the majority of the
motion data, in order to account for the gradual change in water depth during the course of
testing. This factor was produced by comparing identical datasets collected at the Day 1 design
depth, and the Day 7 test depth. The dataset selected for the comparison was the 2 cm
monochromatic wave. The motion data from the two sets was analyzed the same way as
described above, and then their respective RAOs were plotted against each other in Figure
2.7.3.a to visualize the effect of the decreased water depth on the system’s response to wave
forcing.
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Figure 2.7.3.a: 2 cm wave height RAOs used to generate the depth correction factor.

The magnitude of the depth correction factor was determined based on what day the dataset of
interest was produced on. The function that calculated the factor assumed the effects of the depth
change were linear, and thus performed the following. The absolute value of the difference
between the two RAO values was taken for each frequency, and multiplied by the ratio of “test
day” to “total number of test days”. The product of this, the reduction term, was added to the
Day 1 depth 2cm RAO to establish the corrected 2cm RAO value. The reduction term was
normalized by the corrected 2cm RAO value, and multiplied by one hundred to generate the
percent change in RAO. This time-dependent percent change was then applied to all the RAO
values derived during the analysis process.
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Table 2.7.3.a: Tank testing schedule with corresponding water depths.

Test Day
Day 1

Model Orientation Upwellers
Orientation 1
No

Day 2

Orientation 1

No

Day 3

Orientation 1

No

Day 4

Orientation 1

Yes

Day 5

Orientation 2

Yes

Day 6

Orientation 2

No

Day 7

Orientation 1

No

Test Performed
Water Depth
2 cm Waves
28.9 cm
5 cm Waves
(52.0 m FS)
Random Waves
.093 m/s Current
Waves and .093 m/s Current
28.5 cm
(51.3 m FS)
.047 m/s Current
28.3 cm
Waves and .047 m/s Current (51.0 m FS)
2 cm Waves
28.1 cm
5 cm Waves
(50.7 m FS)
Random Waves
.047 m/s Current
.093 m/s Current
Waves and .047 m/s Current
Waves and .093 m/s Current
2 cm Waves
28.0 cm
5 cm Waves
(50.3 m FS)
Random Waves
.047 m/s Current
.093 m/s Current
Waves and .047 m/s Current
Waves and .093 m/s Current
2 cm Waves
27.8 cm
5 cm Waves
(50.0 m FS)
Random Waves
.047 m/s Current
.093 m/s Current
Waves and .047 m/s Current
Waves and .093 m/s Current
2 cm Wave Comparison
27.6 cm
(49.7 m FS)

FS = full-scale equivalent
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CHAPTER 3: TANK TEST RESULTS

3.1 Outline
The results of tank testing are presented in the order that the tests were conducted. Orientation 1
results without upwellers are reported first, followed by the upweller-included results. Next, the
Orientation 2 results are shared, first without upwellers and then with. A direct comparison
showing the effect of upwellers is presented at the end of each Orientation. The results for each
of the four test sets are structured the same way, with the results of current testing shown first,
followed by the wave testing results, then the wave and current results, and lastly the random sea
results. Quantitative motion data are shared for each, followed by qualitative visual observations
and physical explanations. Each test set concludes with a summary of the general behaviors
observed.

3.2 Orientation 1: System Parallel to Force Direction without Upwellers
3.2.1

Current Testing

Motion tracking of the Orientation 1 current data revealed that the target node actually exhibited
some sway during testing. This transverse motion resulted in positive heave values that
effectively skewed the heave dataset output by the tracking program. Alternative, manual motion
tracking had to be performed for both velocity datasets in order to isolate any potential
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submergence actually caused by the current forcing. This alternative analysis revealed that there
was negligible node float submergence for both current speeds in Orientation 1. The lower bound
current speed of 4.7 cm/s resulted in a setback of 2.74 cm, while the 9.3 cm/s current speed
resulted in a setback of only 2.0 cm.
Table 3.2.1.a: Node float motion resulting from current testing in Orientation 1 without upwellers.

Node Float Motion
Heave
Surge
FS = full-scale equivalent

4.7 cm/s Current
(.625 m/s FS)
0.0 cm (0.0 m FS)
-2.74 cm (4.93 m FS)

9.3 cm/s Current
(1.25 m/s FS)
-0.13 cm (.23 m FS)
-2.0 cm (3.6 m FS)

These surge motion results are counter-intuitive; however, they are justified by the fact that these
two tests were conducted on different days and therefore at different water depths. Appendix B
provides further detail of this error, which exists only in this particular test set.
Visual observations of these tests revealed that during the lower velocity test, the leading two
node rows of the structure saw partial submergence, while the trailing two did not submerge.
However, in the higher velocity test, the leading two node rows of the structure saw complete
submergence, while the trailing two only saw partial. This decreasing submergence from the
leading to trailing rows of node floats is likely explained by the wake or shadowing effects
caused by the structure. These wake effects cause an increasing reduction in incident flow
velocity that propagates downstream and causes decreasing node float setback, and therefore
decreasing node float submergence. These effects are heightened by the increased current
velocity. Figure 3.2.1.a shows a qualitative representation of how this node float submergence
varied throughout the array.
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Figure 3.2.1.a: Qualitative representation of the node float submergence observed within the system.

3.2.2

Wave Testing

The motion data collected during wave testing resulted in the following RAOs. The 2 cm wave
translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m wave at full-scale.
Heave and surge response for both wave heights was frequency-dependent, with greater response
occurring at lower frequencies. RAO values for both motion directions were similar between the
two wave heights.

Figure 3.2.2.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave height
tests with the model in Orientation 1, without upwellers. The wave heights are representative of 3.6 m
and 9.0 m waves at full-scale.
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In terms of visual observations, the structure exhibited generally linear behavior, with none of
the node floats submerging, and the positively buoyant kelp remaining on the surface for the 2
cm wave case. During the 5 cm waves, the structure exhibited generally non-linear behavior,
with the majority of the node floats submerging. Increased longline proximity was observed
during the highest frequency waves, and the kelp submerged partially. Lower frequency waves
tended to induce a more linear response than the higher frequency waves.
3.2.3

Wave and Current Testing

The motion data collected during the wave and current testing resulted in the following RAOs.
The 2 cm wave translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m
wave at full-scale. The 4.7 cm/s current is equal to .625 m/s at full-scale, and the 9.3 cm/s current
is equal to 1.25 m/s at full-scale. Heave and surge response amplitudes generally decreased with
the increase in current speed. The frequency dependence of the response also decreased with the
increase in current speed, with nearly no dependence for surge motion at the higher velocity.
Lower frequency waves still excited the most heave response, regardless of current velocity. The
combination of colinear wave and current forcing did not excite any dynamics within the system
that changed with frequency.
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Figure 3.2.3.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave heights
with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 1, without upwellers.
The wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current velocities
are equal to .625 m/s and 1.25 m/s at full-scale.

Figure 3.2.3.b: Heave and surge RAO as a function of encounter frequency for 2 cm and 5 cm wave
heights with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 1, without
upwellers. The wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current
velocities are equal to .623 m/s and 1.25 m/s at full-scale.
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Visual observations revealed that the addition of current to the wave regime caused snap loading
behavior in the upstream mooring lines. Similar to the cause of varying node float submergence,
this is due to the structure disrupting fluid flow as it moves through the system. This causes the
unimpeded first row mooring lines to be constantly taut, while the subsequent mooring lines see
increasing snap. The increasing snap is a direct result of the flow being increasingly disrupted
through the system, allowing the oscillatory wave motion to contribute more to the mooring
lines’ cyclic snap loading response. Figure 3.2.3.c shows a qualitative representation of how this
snap loading behavior varied throughout the array. Some longline interaction was observed as
well, with interior longlines submerging more than exterior, structural ones. The exterior
longlines closer to the tile edges submerge less due to the significant buoyancy contribution of
the nearby node floats.

Figure 3.2.3.c: Qualitative representation of the mooring line snap loading behavior observed within
the system.
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3.2.4

Random Sea Testing

The motion data collected during the random sea testing resulted in the following spectral energy
plots and statistical representations of motion. The 8 cm significant wave height translates to a
14.4 m full-scale wave, and the 1.2 s dominant period translates to 16.1 s at full-scale. The
spectral energy peak for both heave and surge motion was centered around the dominant wave
period, with the vertical heave motion dominating the response in this orientation.

Figure 3.2.4.a: Heave and surge motion spectra from random wave forcing in Orientation 1, without
upwellers with 8 cm significant wave height and 1.2 s dominant period. This is equivalent to 14.4 m
and 16.1 s, respectively, at full-scale. Vertical dashed lines represent the frequency band used to
calculate RMS motion values at the respective spectral energy peaks. The node float experienced 2.29
cm of RMS heave motion and 0.87 cm of RMS surge motion. This is equivalent to 4.12 m and 1.57 m,
respectively, at full-scale. The RMS wave height is 5.65 cm, or 10.17 m at full-scale.

Table 3.2.4.a: Statistical parameters of the node float heave and surge motion response to random sea
testing in Orientation 1, without upwellers.

Node Float Motion
Heave RMS
Surge RMS

𝑯𝒔 = 8 cm , 𝑻𝒑𝒆𝒂𝒌 = 1.2 s
2.29 cm (4.12 m FS)
0.87 cm (1.57 m FS)

FS = full-scale equivalent
Visual observations of these tests indicated that the leading three node rows submerged
completely, but only when the maximum amplitude waves of the spectra passed through the
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system. The majority of the time the system exhibited fairly linear behavior during the fiveminute random sea trials.
3.2.5

General Behavior

The model-scale 3x3 array withstood extreme storm-like loading scenarios, maintaining its basic
geometry throughout all tests. The system consistently “reset” to its design geometry when
loading ceased, indicating that the mooring system provides sufficient restoring forces. The
upstream (leading) mooring lines clearly took the brunt of the loads, causing the downstream
lines to slacken and their respective subsurface tension floats to rise. This is likely due to the
uniaxial flow pushing the entire structure downstream, resulting in significant loads in the
upstream lines and minimal loads in the downstream. In addition, all of the structural longlines
(those that run between node floats and form the edges of the tiles) generally exhibited less
motion response than the interior longlines within the tiles. This is likely due to the interior
longlines experiencing less tension, since they are not attached to the surface node floats directly.

3.3 Orientation 1: System Parallel to Force Direction with Upwellers
3.3.1

Current Testing

Node float sway was again present during current testing, so manual tracking had to be
implemented. This alternative analysis once again showed that there was negligible node float
submergence for both current speeds in Orientation 1, despite the presence of upwellers. The
lower bound current speed of 4.7 cm/s resulted in a setback of 1.92 cm, while the 9.3 cm/s
current speed resulted in a setback of 3.12 cm.
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Table 3.3.1.a: Node float motion resulting from current testing in Orientation 1 with upwellers.

Node Float Motion
Heave
Surge
FS = full-scale equivalent

3.3.2

4.7 cm/s Current
(.625 m/s FS)
0.0 cm (0.0 m FS)
-1.92 cm (3.46 m FS)

9.3 cm/s Current
(1.25 m/s FS)
-0.04 cm (.07 m FS)
-3.12 cm (5.62 m FS)

Wave Testing

The motion data collected during wave testing resulted in the following RAOs. The 2 cm wave
translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m wave at full-scale.
Heave and surge response for both wave heights was frequency dependent, with greater response
occurring at lower frequencies. RAO values for both motion directions were similar between the
two wave heights.

Figure 3.3.2.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave height
tests with the model in Orientation 1, with upwellers. The wave heights are representative of 3.6 m and
9.0 m waves at full-scale.
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3.3.3

Wave and Current Testing

The motion data collected during the wave and current testing resulted in the following RAOs.
The 2 cm wave translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m
wave at full-scale. The 4.7 cm/s current is equal to .625 m/s at full-scale, and the 9.3 cm/s current
is equal to 1.25 m/s at full-scale. Heave and surge response amplitudes generally decreased with
the increase in current speed. The frequency dependence of the response also decreased with the
increase in current speed, with nearly no dependence for surge motion at the higher velocity.
Lower frequency waves still excited the most heave response, regardless of current velocity. The
combination of colinear wave and current forcing did not excite any dynamics within the system
that changed with frequency.

Figure 3.3.3.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm
wave heights with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 1,
with upwellers. The wave heights are representative of 3.6 m and 9.0 m waves at full-scale,
and the current velocities are equal to .625 m/s and 1.25 m/s at full-scale.
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Figure 3.3.3.b: Heave and surge RAO as a function of encounter frequency for 2 cm and 5 cm
wave heights with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 1,
with upwellers. The wave heights are representative of 3.6 m and 9.0 m waves at full-scale,
and the current velocities are equal to .625 m/s and 1.25 m/s at full-scale.

3.3.4

Random Sea Testing

The motion data collected during the random sea testing resulted in the following spectral energy
plots and statistical representations of motion. The 8 cm significant wave height translates to a
14.4 m full-scale wave, and the 1.2 s dominant period translates to 16.1 s at full-scale. The
spectral energy peak for both heave and surge motion was centered around the dominant wave
period, with the vertical heave motion dominating the response in this orientation.
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Figure 3.3.4.a: Heave and surge motion spectra from random wave forcing in Orientation 1, with
upwellers with 8 cm significant wave height and 1.2 s dominant period. This is equivalent to 14.4 m
and 16.1 s, respectively, at full-scale. Vertical dashed lines represent the frequency band used to
calculate RMS motion values at the respective spectral energy peaks. The node float experienced 2.33
cm of RMS heave motion and 1.09 cm of RMS surge motion. This is equivalent to 4.19 m and 1.96 m,
respectively, at full-scale. The RMS wave height is 5.65 cm, or 10.17 m at full-scale.

Table 3.3.4.a: Statistical parameters of the node float heave and surge motion response to random sea
testing in Orientation 1, with upwellers.

Node Float Motion
Heave RMS
Surge RMS

𝑯𝒔 = 8 cm , 𝑻𝒑𝒆𝒂𝒌 = 1.2 s
2.33 cm (4.19 m FS)
1.09 cm (1.96 m FS)

FS = full-scale equivalent
3.3.5

Visual Observations

The model-scale upwellers did not affect the system’s motion enough to visually identify
differences in the response, compared to the iteration without upwellers. All of the visual
observations stated in section 3.2 apply to the section 3.3 results.
3.3.6

General Behavior

The general behaviors of Orientation 1 without upwellers (section 3.2) apply to Orientation 1
with upwellers as well. Quantitatively, the addition of upwellers to the Orientation 1 array had
little effect on the system’s response. However, visual observations of the upwellers themselves
during testing revealed several behaviors. It appeared as though the upweller tether lines were
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never fully taut, and this was likely because the model-scale tether line material had enough
memory that it dominated the upweller’s in-water weight. Regardless, the upwellers did respond
to wave motion as intended, lifting up more with increased wave height and “keying,” or rotating
vertically, on the fall as designed. They tended to drift downstream less and lift up less with
increasing wave period. The lesser uplift is associated with the smaller vertical component of
wave-induced fluid velocity that occurs in longer period waves. This vertical component
contributes to lifting the surface node floats up, which subsequently lifts the upwellers up. The
lesser downstream drift at higher periods is a result of the smaller horizontal component of fluid
velocity acting on the upwellers. The higher frequency waves caused significant upweller drift,
to the point where they were near the downstream mooring lines.
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3.4 Orientation 1: Upweller Comparison
3.4.1

Wave Testing

The two figures below confirm that the presence of upwellers did not have any consistent,
discernable effect on the response of the system for both the 2 cm and 5 cm wave tests in
Orientation 1.

Figure 3.4.1.a: Heave and surge RAO upweller comparison with 2 cm wave forcing on the left, and 5
cm wave forcing on the right.

3.4.2

Wave and Current Testing

The four figures below confirm that the presence of upwellers did not have any consistent,
discernable effect on the response of the system, for both current speeds at both wave heights in
Orientation 1.
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Figure 3.4.2.a: Heave and surge RAO upweller comparison with 2 cm wave and 4.7 cm/s current
forcing on the left, and 2 cm wave and 9.3 cm/s current forcing on the right for Orientation 1.

Figure 3.4.2.b: Heave and surge RAO upweller comparison with 5 cm wave and 4.7 cm/s current
forcing on the left, and 5 cm wave and 9.3 cm/s current forcing on the right for Orientation 1.
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3.4.3

Random Sea Testing

The table below shows that the upwellers had no significant effect on the response of the system
to random seas in Orientation 1.
Table 3.4.3.a: Heave and surge RMS upweller comparison for random seas with 8 cm significant wave
heights and 1.2 s peak periods in Orientation 1.

Node Float Motion
Heave RMS
Surge RMS
FS = full-scale equivalent

No Upwellers
2.29 cm (4.12 m FS)
0.87 cm (1.57 m FS)

Upwellers
2.33 cm (4.19 m FS)
1.09 cm (1.96 m FS)

3.5 Orientation 2: System Perpendicular to Force Direction without Upwellers
3.5.1

Current Testing

The results of current testing in Orientation 2 show a more significant node float response than
Orientation 1. The lower bound current speed of 4.7 cm/s resulted in a submergence and setback
of 1.33 cm and 8.94 cm, respectively. The 9.3 cm/s current speed resulted in a submergence and
setback of 4.79 cm and 13.0 cm, respectively. The increased velocity resulted in increased node
float displacement in both directions.
Table 3.5.1.a: Node float motion resulting from current testing in Orientation 2 without upwellers.

Node Float Motion
Heave
Surge
FS = full-scale equivalent

4.7 cm/s Current
(.625 m/s FS)
-1.33 cm (2.40 m FS)
-8.94 cm (16.1 m FS)

9.3 cm/s Current
(1.25 m/s FS)
-4.79 cm (8.62 m FS)
-13.0 cm (23.4 m FS)

Visual observations for the 4.7 cm/s test showed that the leading three node rows of the structure
submerged completely, with the last row submerging only partially. For the higher velocity, all
four of the node rows experienced complete submergence throughout the tests. Both speeds
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caused subsurface tension floats on the slackest downstream mooring lines to rise up, and the
greater current speed caused them to rise above the most submerged longlines. Some of the
interior longlines overlapped during the higher velocity test, likely due to the greater kelp
projected area and lack of upstream restraint within the tile.
3.5.2

Wave Testing

The motion data collected during wave testing resulted in the following RAOs. The 2 cm wave
translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m wave at full-scale.
Heave and surge response for both wave heights was greatest at lower frequencies, but the
frequency dependence was much less prevalent than it is in Orientation 1. Both wave heights
evoked heave responses of similar magnitudes, but the 5 cm wave heights resulted in lesser surge
response than the 2 cm.

Figure 3.5.2.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave height
tests with the model in Orientation 2, without upwellers. The wave heights are representative of 3.6 m
and 9.0 m waves at full-scale.
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Visual observations of the 2 cm waves revealed that the structure exhibited generally linear
behavior, with none of the node floats submerging, and the positively buoyant kelp remaining on
the surface. In contrast, the 5 cm waves caused the structure to exhibit generally non-linear
behavior, with the majority of the node floats submerging. Longline interaction and rising
tension floats were observed during the highest frequency waves, along with partially
submerging kelp. Lower frequency waves tended to induce a more linear response than the
higher frequency waves.
3.5.3

Wave and Current Testing

The motion data collected during the wave and current testing resulted in the following RAOs.
The 2 cm wave translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m
wave at full-scale. The 4.7 cm/s current is equal to .625 m/s at full-scale, and the 9.3 cm/s current
is equal to 1.25 m/s at full-scale. Heave response and its frequency dependence both decreased
with the increase in current speed, but lower frequency waves still excited the most heave
response regardless of current speed. The greatest surge response occurred at the highest wave
frequency for both current cases.
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Figure 3.5.3.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave heights
with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 2, without upwellers.
The wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current velocities
are equal to .625 m/s and 1.25 m/s at full-scale.

Figure 3.5.3.b: Heave and surge RAO as a function of encounter frequency for 2 cm and 5 cm wave
heights with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 2, without
upwellers. The wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current
velocities are equal to .625 m/s and 1.25 m/s at full-scale.
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Visual observations once again showed that the addition of current to the wave regime caused
increased snap loading behavior in the upstream mooring lines. Some longline interaction was
observed, with interior longlines submerging more than exterior, structural ones. The
combination of colinear wave and current forcing did not excite any dynamics within the system
that changed with frequency. However, the most extreme loadcase caused significant
submergence that caused some longlines to move near the “seafloor”. The leading row node
floats consistently exhibited the least surge amplitude and the most submergence. This behavior
is predictable since the leading row node floats see the maximum, undisturbed fluid flow. This
flow is significant enough to dominate both the vertical and horizontal restoring forces that the
node float experiences.
3.5.4

Random Sea Testing

The motion data collected during the random sea testing resulted in the following spectral energy
plots and statistical representations of motion. The 8 cm significant wave height translates to a
14.4 m full-scale wave, and the 1.2 s dominant period translates to 16.1 s at full-scale. The
spectral energy peak for both heave and surge motion was centered around the dominant wave
period, with equivalent motion contributions in this orientation.
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Figure 3.5.4.a: Heave and surge motion spectra from random wave forcing in Orientation 2, without
upwellers with 8 cm significant wave height and 1.2 s dominant period. This is equivalent to 14.4 m
and 16.1 s, respectively, at full-scale. Vertical dashed lines represent the frequency band used to
calculate RMS motion values at the respective spectral energy peaks. The node float experienced 2.30
cm of RMS heave motion and 2.30 cm of RMS surge motion. This is equivalent to 4.14 m and 4.14 m,
respectively, at full-scale. The RMS wave height is 5.65 cm, or 10.17 m at full-scale.

Table 3.5.4.a: Statistical parameters of the node float heave and surge response to random sea testing
in Orientation 2, without upwellers.

Node Float Motion
Heave RMS
Surge RMS

𝑯𝒔 = 8 cm , 𝑻𝒑𝒆𝒂𝒌 = 1.2 s
2.30 cm (4.14 m FS)
2.30 cm (4.14 m FS)

FS = full-scale equivalent
Visual observations of these random sea tests in Orientation 2 showed that the leading two rows
submerged completely, but only when subjected to the maximum amplitude waves within the
spectra. These maximum amplitude waves also caused snap loading within the upstream
mooring lines when they passed through the array. The majority of the time the system exhibited
fairly linear behavior during the five-minute long trials.
3.5.5

General Behavior

The general behaviors seen during the Orientation 2 tests are the same as those seen in
Orientation 1. The model-scale 3x3 array withstood extreme storm-like loading scenarios,
maintaining its basic geometry throughout all testing scenarios. The upstream (leading) mooring
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lines clearly took the brunt of the loads, causing the downstream lines to slacken and their
respective subsurface tension floats to rise slightly. The system consistently “reset” to its design
geometry when loading ceased, and the amount of node float submergence consistently
decreased from the leading row to the last. Structural longlines always responded less than the
interior longlines within the tiles as well. Overall, there was much more motion and deformation
observed in the system in this orientation. This increased deformation is likely due to the
significantly greater projected area of the system in Orientation 2, which results in much higher
drag forces acting on the structure in the downstream direction.

3.6 Orientation 2: System Perpendicular to Force Direction with Upwellers
3.6.1

Current Testing

The results of current testing in Orientation 2 with upwellers show little difference compared to
the Orientation 2 results without upwellers. The lower bound current speed of 4.7 cm/s resulted
in a submergence and setback of 1.04 cm and 11.4 cm, respectively. The 9.3 cm/s current speed
resulted in a submergence and setback of 5.0 cm and 13.9 cm, respectively. Once again, the
increased velocity resulted in increased node float displacement in both directions.
Table 3.6.1.a: Node float motion resulting from current testing in Orientation 2 with upwellers.

Node Float Motion
Heave
Surge
FS = full-scale equivalent

4.7 cm/s Current
(.625 m/s FS)
-1.04 cm (1.87 m FS)
-11.4 cm (20.5 m FS)

9.3 cm/s Current
(1.25 m/s FS)
-5.0 cm (9.0 m FS)
-13.9 cm (25.0 m FS)
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3.6.2

Wave Testing

The motion data collected during wave testing resulted in the following RAOs. The 2 cm wave
translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m wave at full-scale.
Heave and surge response for both wave heights was greatest at lower frequencies, but the
frequency dependence was much less prevalent than it is in Orientation 1. Both wave heights
evoked heave responses of similar magnitudes, but the 5 cm wave heights resulted in lesser surge
response than the 2 cm.

Figure 3.6.2.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave height
tests with the model in Orientation 2, with upwellers. The wave heights are representative of 3.6 m and
9.0 m waves at full-scale.

3.6.3

Wave and Current Testing

The motion data collected during the wave and current testing resulted in the following RAOs.
The 2 cm wave translates to a 3.6 m full-scale wave, and the 5 cm wave translates to a 9.0 m
wave at full-scale. The 4.7 cm/s current is equal to .625 m/s at full-scale, and the 9.3 cm/s current
is equal to 1.25 m/s at full-scale. Heave response and its frequency dependence both decreased
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with the increase in current speed, but lower frequency waves still excited the most heave
response regardless of current speed. The greatest surge response occurred at the highest wave
frequency for both current cases.

Figure 3.6.3.a: Heave and surge RAO as a function of wave frequency for 2 cm and 5 cm wave heights
with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 2, with upwellers. The
wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current velocities are
equal to .625 m/s and 1.25 m/s at full-scale.
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Figure 3.6.3.b: Heave and surge RAO as a function of encounter frequency for 2 cm and 5 cm wave
heights with 4.7 cm/s and 9.3 cm/s colinear current tests with the model in Orientation 2, with
upwellers. The wave heights are representative of 3.6 m and 9.0 m waves at full-scale, and the current
velocities are equal to .625 m/s and 1.25 m/s at full-scale.

3.6.4

Random Sea Testing

The motion data collected during the random sea testing resulted in the following spectral energy
plots and statistical representations of motion. The 8 cm significant wave height translates to a
14.4 m full-scale wave, and the 1.2 s dominant period translates to 16.1 s at full-scale. The
spectral energy peak for both heave and surge motion was centered around the dominant wave
period, with nearly equivalent motion contributions in this orientation.
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Figure 3.6.4.a: Heave and surge motion spectra from random wave forcing in Orientation 2, with
upwellers with 8 cm significant wave height and 1.2 s dominant period. This is equivalent to 14.4 m
and 16.1 s, respectively, at full-scale. Vertical dashed lines represent the frequency band used to
calculate RMS motion values at the respective spectral energy peaks. The node float experienced 2.18
cm of RMS heave motion and 2.29 cm of RMS surge motion. This is equivalent to 3.92 m and 4.12 m,
respectively, at full-scale. The RMS wave height is 5.65 cm, or 10.17 m at full-scale.

Table 3.6.4.a: Statistical parameters of the node float heave and surge motion response to random sea
testing in Orientation 2, with upwellers.

Node Float Motion
Heave RMS
Surge RMS

𝑯𝒔 = 8 cm , 𝑻𝒑𝒆𝒂𝒌 = 1.2 s
2.18 cm (3.92 m FS)
2.29 cm (4.12 m FS)

FS = full-scale equivalent
3.6.5

Visual Observations

Once again the model-scale upwellers did not affect the system’s motion enough to visually
identify differences in the response, compared to the Orientation 2 iteration without upwellers.
All of the visual observations stated in section 3.5 apply to the section 3.6 results.
3.6.6

General Behavior

The general behaviors of Orientation 2 without upwellers (section 3.5) apply to Orientation 2
with upwellers as well. Quantitatively, the addition of upwellers to the Orientation 2 array had
little effect on the system’s response. Visual observations of the upwellers themselves during
testing revealed the same general behaviors discussed in section 3.3. The only upweller behavior
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specific to this orientation was the increased proximity of the leading row upwellers with respect
to the “seafloor”. These upwellers submerged more in this orientation since the leading row node
floats submerged more in this orientation.

3.7 Orientation 2: Upweller Comparison
3.7.1

Wave Testing

The two figures below show that the presence of upwellers did not have any significant effect on
the response of the system for both the 2 cm and 5 cm wave tests in Orientation 2. There is
evidence of the upwellers causing slightly greater heave and surge response, but the effects are
minimal.

Figure 3.7.1.a: Heave and surge RAO upweller comparison with 2 cm wave forcing on the left, and 5
cm wave forcing on the right.
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3.7.2

Wave and Current Testing

The four figures below show that the presence of upwellers did not have any consistent,
discernable effect on the response of the system, for both current speeds at both wave heights in
Orientation 2.

Figure 3.7.2.a: Heave and surge RAO upweller comparison with 2 cm wave and 4.7 cm/s current
forcing on the left, and 2 cm wave and 9.3 cm/s current forcing on the right for Orientation 2.
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Figure 3.7.2.b: Heave and surge RAO upweller comparison with 5 cm wave and 4.7 cm/s current
forcing on the left, and 5 cm wave and 9.3 cm/s current forcing on the right for Orientation 2.

3.7.3

Random Sea Testing

The table below shows that the upwellers had no significant effect on the response of the system
to random seas in Orientation 2.
Table 3.7.3.a: Heave and surge RMS upweller comparison for random seas with 8 cm significant wave
heights and 1.2 s peak periods in Orientation 2.

Node Float Motion
Heave RMS
Surge RMS

No Upwellers
2.30 cm (4.14 m FS)
2.30 cm (4.14 m FS)

Upwellers
2.18 cm (3.92 m FS)
2.29 cm (4.12 m FS)
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CHAPTER 4: NUMERICAL MODELING

4.1 Computer Program Application
To provide a different, independent perspective on the Trophic design’s seakeeping
characteristics, a full-scale numerical model was produced based on the physical-model design.
The numerical model was applied to the extreme wave and current cases that the physical-model
was subjected to. Numerical model predictions and physical-model measurements were
compared.
This numerical model was created using the nonlinear finite element solver MSC.Marc in
conjunction with the graphical interface MSC.Mentat (https://www.mscsoftware.com/). All finite
element analysis was performed with Hydro-FE software; the improved upon second iteration of
the well validated Aqua-FE program developed at the University of New Hampshire (Gosz et al.,
1996; Tsukrov et al., 2000, 2003; Fredriksson et al., 2003). The software uses Airy wave theory
(Dean and Darylrmple, 1991) to simulate environmental loading conditions such as waves and
current, and has been implemented in the hydrodynamic modeling of many marine structures
(DeCew et al., 2010; Wang et al., 2015; Knysh et al., 2020). The Morison equation (Morison et
al., 1950), expanded to the case of a moving cylinder (Goodman and Breslin, 1976), is applied to
the finite element model to determine the forces experienced by each component. As is the case
with all finite element models, certain assumptions had to be made to allow for computational
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limitations as well as efficiency. The numerical model design process and assumptions are
detailed in the section below.

4.2 Numerical Model
Numerical modeling began with the design and assembly of a single-tile structure (Figure 4.2.a).
The geometry was based on that of the physical-model, but was Froude-scaled up to the fullscale dimensions associated with the intended 52 m water depth. Several assumptions and
simplifications had to be made during the numerical model design and assembly process, in
order to comply with the inevitable constraints of finite element modeling. The component
modifications that were required are detailed in the following sections. The same longline
aggregation used in the physical-model was implemented in the numerical model for
computational efficiency, as well as to be as directly comparable to the physical-model as
possible. A suitable number of elements per component was determined such that each
component of the structure behaved realistically, while considering efficiency. Constructing and
performing preliminary tests with the single model design first allowed for an evaluation of the
component assemblies, as well as their respective responses to hydrodynamic effects. Once it
was clear that the single tile was exhibiting the proper behaviors, the model was expanded to the
3x3 array seen in Figure 4.2.4.a. Hydrostatic testing was repeated in both orientations prior to
any hydrodynamic testing, to ensure that the new 3x3 model did not exhibit any unexpected
behavior.

81

Figure 4.2.a: Finite element model of the single-tile Trophic design.

4.2.1

Node Float Representation

In the physical-model, the surface node floats that support the structure were spherical in shape.
Hydro-FE only applies the Morison equation to cylinders, so the node floats were converted into
cylindrical elements (Figure 4.2.1.a). The cylindrical node float representation was designed
such that it preserved the necessary volume to maintain net buoyancy, and had a 1:1 aspect ratio
resulting in an inertial response similar to that of a sphere. The physical-model node float had a
waterline slightly below the center of the sphere, so the initial single-tile numerical model was
designed with the assumption that the waterline would be at the center of the cylinder. Several
hydrostatic simulations were run to determine where the system would come to rest in terms of
vertical node float displacement after an analysis time of 100 s. The waterline of the node floats
was adjusted iteratively by changing the initial, vertical node float location until the hydrostatic
vertical node float displacement was negligible. This new waterline subsequently dictated the
82

length of the node connection, since the grid needed to be located a set distance of 3.5 m below
the surface. The physical-model node connection was a wire shaft inserted into the node float,
with the other end terminating in a loop as seen in Figure 2.4.4.a. The finite element
representation was assumed to be a cylindrical beam element with the proper net buoyancy. The
waterline-dependent node connection length, in addition to the required connection volume, was
used to calculate the diameter of the finite element beam. Material density of the finite element
connection was solved for using the element’s required volume and new required mass after
correcting for the density of salt water. The physical properties of the node float and node float
connections can be seen below in Table 4.2.1.a.

Figure 4.2.1.a: Finite element representation of the surface node float and node float connection piece.

Table 4.2.1.a: Physical properties of the modified numerical model components.

Component
Node Float

Physical Property
Volume [ m3 ]
Mass* [ kg ]
kg

Density* [ m3 ]

FE Model

FS Physical-Model

7.75
472.94
61.03

7.75
472.94
61.03
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Net Buoyancy [ N ]

7.33e+04

7.33e+04

Volume [ m3 ]
Mass* [ kg ]

0.117
1339.2
1.15e+04

0.117
1339.2
8985

Net Buoyancy [ N ]

-1.20e+04

-1.20e+04

Net Buoyancy [ N ]

6.13e+04

6.13e+04

Node Connection

kg

Density* [ m3 ]
Node Float +
Connection

FE = finite element
FS = full-scale
PM = physical-model
*Adjusted for conversion from freshwater (PM) to saltwater (FE)

4.2.2

Kelp Representation: Equivalent Cylinder Method

The design of the finite element kelp gave great consideration to minimizing computational
complexity since the physical-model kelp had hundreds of individual “fronds.” An equivalent
cylinder approach, similar to what (Knysh, et al., 2020) described in their representation of
mussel lines with finite elements, was implemented (Figure 4.2.2.a). The total inertial, buoyant,
and hydrostatic contributions of the numerous physical-model kelp fronds were represented in
the numerical model by a specific quantity of equivalent cylinders. The cylinders were designed
to have the density of kelp in seawater, and to be volumetrically equivalent to the volume of kelp
represented by the physical-model (at full-scale) per tile.
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Figure 4.2.2.a: Finite element representation of kelp using equivalent cylinder elements.

Maintaining volumetric equivalence ensured that the kelp elements’ total weight and net
buoyancy contributions would be equal to that of the physical-model at full-scale. Each cylinder,
modeled using 3d trusses, was subdivided into three elements to simulate the hydrodynamic
behavior of kelp fronds. A kelp cylinder spacing of 20 m was selected, resulting in a total of 38
evenly spaced equivalent cylinders per tile. The length of these cylinders, 6.21 m, was equal to
the Froude-scaled physical-model kelp length. The equivalent cylinder diameter D was
calculated by setting the volume of an equivalent kelp cylinder equal to the total volume of
rectangular physical-model kelp according to
𝐷 2

𝐿 [𝜋 ( 2 ) ] = 𝐿𝑑𝑡 ,

(4.2.2.a)

where L is the kelp length, d is the total width of the rectangular kelp normalized by the total
number of equivalent cylinders, and t is the thickness of the rectangular kelp. The drawback of the
volumetrically equivalent cylinder approach was that it did not preserve the proper kelp projected
area, and therefore the finite element model would not experience the proper kelp-induced drag
forces. However, the need to make this kind of assumption during the numerical modeling design
process is very common, so much so that Hydro-FE offers the ability to incorporate a drag force
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multiplier on individual elements. The linear relationship between fluid drag force and projected
area meant that the drag force multiplier would be based on the ratio of physical-model kelp
projected area to the finite element equivalent cylinder projected area. The area multiplier was
defined as
𝑀=

𝐿𝑑
𝐿𝐷

.

(4.2.2.b)

There was an additional component of the drag force multiplier implemented in the numerical
model that accounted for the shape-induced change in drag coefficient between the physicalmodel kelp and finite element kelp. The physical-model kelp was considered to have a
rectangular shape and thus a normal drag coefficient of 1.5 (Prasuhn, 1980), while the numerical
model kelp was cylindrical in shape with a coefficient of 1.2 (Hoerner, 1965). The subsequent
total drag force multiplier T was calculated by multiplying M by the ratio of drag coefficients.
The subsequent total drag force multiplier was defined as
𝐶𝑑𝑛

𝑇 = 𝑀 𝐶𝑑𝑛𝑃𝑀 ,

(4.2.2.c)

𝐹𝐸

where 𝐶𝑑𝑛𝑃𝑀 is the normal coefficient of drag for the physical-model (PM) rectangular kelp,
and 𝐶𝑑𝑛𝐹𝐸 is the normal coefficient of drag for the finite element (FE) cylindrical kelp elements.
Applying this total drag multiplier to the local X and Y axes of the kelp cylinders meant that the
finite element kelp would theoretically experience the proper total drag forcing. These kelp
values can be seen in Tables 4.2.2.a and 4.2.2.b below.
Table 4.2.2.a: Characteristics of the finite element and physical-model kelp.

Kelp Parameters
Length [ m ]
Diameter [ m ]
Thickness [ m ]

FE Model (cylinder)

FS Physical-Model (rectangular prism)

6.21
0.351
--

6.21
-0.005
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M
𝐶𝑑𝑛
T

54.78
1.2
68.47

-1.5
--

Table 4.2.2.b: Physical properties of the finite element and physical-model kelp on a per-tile basis.

Single Tile Kelp Properties

FE Model

22.8
Volume [ m3 ]
2.22e+04
Mass* [ kg ]
1.19e+04
Net Buoyancy [ N ]
2
88.78
Projected Area [ m ]
*Adjusted for conversion from freshwater (PM) to saltwater (FE)

4.2.3

FS Physical-Model
22.8
2.22e+04
1.19e+04
4534.1

Upweller Geometry Conversion

The last of the major component conversions required for finite element modeling involved the
upwellers. The physical-model upwellers were disk shaped and attached to the upweller tether
lines at the center of the disk as seen in Figure 4.2.3.a. They could be modeled geometrically in
MSC.Mentat, however the physical orientation of the disk was not suitable in conjunction with
the Hydro-FE software.

Figure 4.2.3.a: Initial finite element upweller representation.

In order for the hydrodynamic forces to be applied properly, the upweller elements needed to
have an axis perpendicular to the intended direction of flow. In the case of the upwellers, the
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intended flow was in the vertical Z direction, so the upwellers had to be composed of elements
that ran in the horizontal X and Y planes. The disk elements could not be oriented in such a way,
so the upwellers’ geometry was converted from a short disk oriented vertically to two
intersecting, horizontal cylinders (Figure 4.2.3.b).

Figure 4.2.3.b: Corrected finite element upweller representation.

The two cylinders were perpendicular to each other, forming a cross shape with a rigid
connection at the center that the tether lines connected to. The length of these upweller cylinders
was twice the diameter of the original disks, and the cylinder diameter 𝑑𝑐𝑦𝑙 was determined
using the same volumetric equivalency approach used for the kelp representation:
2∗𝑉

𝑑𝑐𝑦𝑙 = √ 𝜋𝑙 𝑃𝑀
𝑐𝑦𝑙

(4.2.3.a)

where 𝑉𝑃𝑀 is the volume of the physical-model (PM) upweller at full-scale, and 𝑙𝑐𝑦𝑙 is the length
of the upweller cylinder. The cross formed from the two cylinders then had the proper volume,
weight, and net buoyancy as seen in Table 4.2.3.a. A drag force multiplier similar to the one
calculated for the kelp cylinders was applied to the upweller cylinders in the vertical direction.
This accounted for the insufficient projected area caused by the geometric conversion, and
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enabled the upwellers to theoretically experience the proper drag forces during wave loading.
The upweller multiplier was defined as
𝑀=

𝑝𝐴𝑃𝑀
2𝑙𝑐𝑦𝑙 𝑑𝑐𝑦𝑙

,

(4.2.3.b)

where pAPM is the projected area of the physical-model (PM) upweller at full-scale.

Table 4.2.3.a: Properties of the finite element and physcial-model upwellers.

Upweller
Shape

FE Model
Crossed cylinders with
axes perpendicular to
relative flow
Dimensions [ m ]
𝑙𝑐𝑦𝑙 = 3.6
𝑑𝑐𝑦𝑙 = .0668
3
0.025
Volume [ m ]
68.86
Mass* [ kg ]
-421.431
Net Buoyancy [ N ]
2
0.481
Projected Area [ m ]
Normal Drag Coefficient
1.2
Drag Multiplier
5.155
1.205e+04
Peak Load* [ N ]
*Adjusted for conversion from freshwater (PM) to saltwater (FE)

4.2.4

FS Physical-Model
Disk with axis parallel to
flow
𝑑𝑑𝑖𝑠𝑘 = 1.8
.025
68.86
-421.431
2.481
1.17
-1.205e+04

Numerical Model Inputs

The numerical model maintained geometric similitude with the physical-model, but all
components had the appropriate full-scale lengths and material properties seen below. The
assembly of these components resulted in the full-scale 3x3 array seen in Figure 4.2.4.a.
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Table 4.2.4.a: Mechanical and geometric properties of the components included in the finite element
model.

Component

Physical-Model
Material

Element
Type

Young’s
Modulus
[ Pa ]

Node Float

Polyisocyanurate
foam
Copper wire

2-node, 3-d,
beam
2-node, 3-d,
beam
2-node, 3-d,
truss

𝑪𝒅𝒏

𝑪𝒅𝒕

6.4e+06

Mass
Density*
kg
[ 3]
m
61.03

1.2

0.01

1.3e+11

1.145e+04

1.2

0.01

8.2737e+08

955

1.2

0.01

HDPE plastic
2-node, 3-d,
8e+08
sheeting
truss
Tension
Airex structural
2-node, 3-d,
9e+07
Floats
foam
truss
Upwellers
Aluminum foil
2-node, 3-d, 6.895e+10
tape
beam
*Adjusted for conversion from freshwater (PM) to saltwater (FE)

975

1.2

0.01

110

1.2

0.01

2725

1.2

0.01

Node Float
Connection
Mooring
Lines,
Parabolic
Lines,
Longlines,
Upweller
Tethers
Kelp

Ultra-High
Molecular Weight
Polyethylene
braided line

Figure 4.2.4.a: Finite element model of the full-scale 3x3 Trophic array.
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4.3 Application Cases
A subset of the physical-model test cases was selected for numerical model comparison, as the
computational effort required to run all of the test cases would be too significant due to the
model’s complexity. The extreme wave and extreme current loadcases were selected for the
numerical model simulations since they were known to excite the most system response.
Table 4.3.a: Loadcases used in the full-scale Hydro-FE analysis of the 3x3 Trophic array.

Hydrodynamic Test
Cases
Hydrostatic

Magnitude

Details

Duration

--

Buoyancy, drag,
inertial loads
applied

100 s

Constant with depth

400 s

Monochromatic
Monochromatic
Monochromatic
Monochromatic

800 s
800 s
800 s
800 s

Current (.093 m/s at
model-scale)
U = 1.21

m
s

Wave (5 cm regime
at model-scale)
H = 12.51 m , T = 10.06 s
H = 10.12 m , T = 13.42 s
H = 8.75 m , T = 16.77 s
H = 7.27 m , T = 20.12 s

The goal of numerical modeling was to provide motion results that were directly comparable to
those of the physical-model. Therefore, the loadcases of the numerical model were the full-scale
equivalents (Froude-scaled) of the loading conditions the physical-model was subjected to. This
translated to the very specific current speeds, wave heights, and periods seen above in Table
4.3.a. The Hydro-FE simulations were performed with the model in both orientations, with
incident current and wave direction always in the +X direction. The duration of the simulations
was dictated by how long the model took to reach steady state. Steady state was determined
empirically by observing the resulting node float displacements over time, and confirmed by
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observing the maximum tensile force within the mooring lines. Current forcing caused the model
to reach a steady state around 300 s of analysis time on average, while wave forcing took
approximately 400 s on average. All of the simulations were conducted with the computer model
experiencing water depths that corresponded to the appropriate physical-model test day depths.

4.4 Results and Comparison to Tank Predictions
4.4.1

Hydrostatics

Orientation 1
Hydrostatic simulations of the finite element 3x3 Trophic array were performed in order to verify
that the model had been constructed properly and that all the hydrostatic forces were being
applied properly by Hydro-FE. The static simulations had a duration of 75 s, which was longer
than the observed time for initial transients to die out. During this time each component of the
structure was observed to ensure that the system remained in its design geometry. The longlines
rose from their 3.5 m grid depth nearly up to the surface and remained there, a behavior observed
in the physical-model. The finite element kelp deformed in such a way that the cylinders rotated
at their subdivision joints and resulted in each of the three elements being equidistant to the
surface. The rising longlines and collapsing kelp behavior was attributed to the kelp’s positive
buoyancy and the flexibility of the kelp cylinders, respectively. The tension within the mooring
lines as well as node float displacement was analyzed in order to quantitatively confirm that the
model reached a steady state. Figure 4.4.1.a indicates that the system reaches a steady state after
roughly 40 s of analysis time, with a maximum mooring line pretension of 10.9 kN. The Phase I
numerical modeling confirmed that this mooring line tension was of the correct order of
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magnitude for the Trophic system. Figure 4.4.1.b shows that the node float had a negative
vertical displacement of 1.28 m, which was approximately equal to the change in water depth
from the design depth of 52 m to the test-day depth of 50.67 m. These two responses confirmed
that the finite element array did reach a hydrostatic steady state after seeing some initial
oscillations.

Figure 4.4.1.a: Static mooring line tension in Orientation 1 at a water depth of 50.67 m.

Figure 4.4.1.b: Static node float displacement in Orientation 1 at a water depth of 50.67 m.
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Orientation 2
Hydrostatic simulations of the model in Orientation 2 were performed as well to be certain there
were no unexpected behaviors. Figure 4.4.1.c shows that the system again reaches a steady state
after 40 s, with a maximum mooring line pretension of 10.8 kN. The node float experienced a
negative vertical displacement of 1.61 m, which was appropriate considering the change of water
depth from 52 m to 50.33 m.

Figure 4.4.1.c: Static mooring line tension in Orientation 2 at a water depth of 50.33 m.

Figure 4.4.1.d: Static node float displacement in Orientation 2 at a water depth of 50.33 m.
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4.4.2

Current Comparisons

Orientation 1
The finite element model’s response to current forcing in Orientation 1 contained the same trends
as the physical-model, but with significantly greater magnitudes as seen in Table 4.4.2.a. The
physical-model showed almost no negative heave (submergence) at full-scale, while the
numerical model float submerged nearly 3 m. This discrepancy applied to the surge, or setback,
of the node as well, with the numerical model seeing setback of 11.7 m while the physical-model
saw less than half that. Despite the quantitative differences between the two models, the
numerical model experienced similar overall deformation behavior as was visually seen in the
tank. Upstream mooring lines were highly tensioned, causing downstream lines to slacken and
rise up due to the buoyancy of the tension floats. The upwellers drifted downstream, and the
amount of node float submergence and setback decreased from the leading node row to the
trailing. These behaviors are all visualized in Figure 4.4.2.a. The more extreme system
deformation and node float displacement of the numerical model is likely caused by the absence
of any shadowing/wake effects. This absence, which does not occur in the physical-model,
results in greater drag force on the components.
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Figure 4.4.2.a: Profile view of the deformed finite element 3x3 Trophic array in Orientation 1 due to a
1.21 m/s current applied in the +X direction. The black lines represent the deformed model and the
pink represent the original.

Figure 4.4.2.b: Heave and surge of the finite element node float of interest in Orientation 1 due to a
1.21 m/s current applied in the +X direction.

Table 4.4.2.a: Numerical and physical-model comparison of node motion for a 1.21 m/s current in
Orientation 1.

Loading
Current (1.21 m/s)
+X-direction

Motion

FE-FS Model

Steady State Heave [ m ]

-2.7

Froude-Scaled PhysicalModel Value (1:180)
-0.07

Steady State Surge [ m ]

11.7

5.62
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Orientation 2
Similar to the response of the physical-model, the change in orientation of the numerical model
resulted in the significantly greater deformation depicted in Figure 4.4.2.c. However, the drastic
difference between the finite element node motion and the physical-model node motion seen
above for Orientation 1 was not present. Instead both models resulted in the very similar
submergence and setback values seen in Table 4.4.2.b. These similar values are likely due to the
cross-channel positioning of Orientation 2 which minimizes the shadowing effect differences.

Figure 4.4.2.c: Profile view of the deformed finite element 3x3 Trophic array in Orientation 2 due to a
1.21 m/s current applied in the +X direction. The black lines represent the deformed model and the
pink represent the original.
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Figure 4.4.2.d: Heave and surge of the finite element node float of interest in Orientation 2 due to a
1.21 m/s current applied in the +X direction.

Table 4.4.2.b: Numerical and physical-model comparison of node motion for a 1.21 m/s current in
Orientation 2.

Loading

Motion

Current (1.21 m/s)
X-direction

Steady State Heave [ m ]
Steady State Surge [ m ]

4.4.3

FE-FS Model Froude-Scaled Physicalmodel Value (1:180)
-7.9
-9.0
26.2
25.0

Wave Comparisons

Orientation 1
The seakeeping analysis of the numerical model showed that it generally exhibited more heave
and surge response than the physical-model at all frequencies in Orientation 1. However, both
models resulted in similar frequency dependent response trends for both types of motion. The
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lesser response amplitudes of the physical-model are likely attributed to the viscous damping
effects associated with the low Reynolds number of the physical-model.

Figure 4.4.3.a: Heave and surge RAO comparison of the numerical model and physical-model for
extreme wave heights in Orientation 1.

Orientation 2
Similar to Orientation 1, the finite element model in Orientation 2 exhibited more heave response
than the physical-model at all frequencies except for the highest one. Interestingly, the finite
element model showed lesser surge response than the physical-model at all frequencies but one
in Orientation 2. This decrease in numerical model surge response is likely due to the crosschannel positioning of Orientation 2 that experiences less shadowing effects and therefore higher
incident velocities. Once again, both models resulted in similar frequency dependent response
trends for both types of motion.
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Figure 4.4.3.b: Heave and surge RAO comparison of the numerical model and physical-model for
extreme wave heights in Orientation 2.

4.5 General Explanations for any Discrepancies
The discrepancies between the numerical model and physical-model results can generally be
explained by the following factors.
The monochromatic wave forcing in the tank tests differed slightly from that of the numerical
model. The Hydro-FE simulated waves were purely of a single frequency. The physical-model
waves produced by the wavemaker were intended to be monochromatic, but the results of
wavestaff testing discussed in Appendix A confirm that they did have some frequency
bandwidth.
The significant projected area of the structure, predominantly due to the kelp itself, inevitably
altered the incident flow velocity as wave and current forces passed through. This “shadowing
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effect” caused downstream components to experience reduced velocities and therefore decreased
drag forces. The finite element model did not take this shadowing effect into account, and
therefore experienced greater flow velocities throughout the array.
The effects of Reynolds number were likely the main source of variation between the numerical
and physical-model results. Reynolds number, the ratio of inertial forces to viscous forces,
characterizes fluid flow and the dominant forces associated with it. Reynolds number 𝑅𝑒 is
defined as
𝑅𝑒 =

𝑢𝐿
𝜈

=

𝜌𝑢𝐿
𝜇

,

(4.5.a)

where u is the flow velocity, L is the characteristic length, v is the kinematic viscosity of the
fluid, and 𝜇 is the dynamic viscosity of the fluid. Since the models were scaled by Froude
number and not Reynolds, inertial forces were preserved but viscous forces were not. Therefore,
the physical-model, having extremely small characteristic lengths, was dominated by viscous
forces and had a Reynolds number on the order of 101 .The full-scale numerical model in
contrast was dominated by inertial forces, and had a much higher Reynolds number on the order
of 104 . The significantly higher Reynolds number associated with the numerical model
translated to more turbulent flow regimes. The more turbulent flow caused the formation of
eddies and vortices that ultimately resulted in increased pressure drag on each of the structure’s
components. This increased drag force is likely responsible for the much greater submergence
and setback that the finite element node floats experienced (Table 4.4.2.a). The difference in
heave and surge RAOs seen in the majority of the comparison plots in section 4.4.3 are likely a
result of viscous forces dominating in the physical-model and resisting oscillatory motion.
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CHAPTER 5: DISCUSSION

5.1 Finite Element Comparison
The results of Chapter 4 show that the finite element model of the 3x3 Trophic array consistently
produced the same response trends as the physical-model. The response amplitudes were not
identical between the two, but they were not expected to be given the known differences between
the two models. The similar response trends provide confidence in the results of tank testing and
the subsequent conclusions, since there were justifiable explanations for the discrepancies. As
stated in section 4.5, these differences are most likely attributed to the low Reynolds number
(more viscous) tank experiments, and not including wake or shadowing effects of the array
structure on incident flow in the numerical model. The approaches are, however, complementary,
and a complete assessment of a new design should include both.

5.2 Upweller Effect
Physical-model testing indicated that the upwellers did not have a strong effect on the system’s
response. There were variations between the RAO results of tests conducted with and without
them, but they were generally not consistent or substantial enough to indicate a major change in
the system’s dynamics. Therefore, it’s likely that a full-scale upweller of the size considered will
have little effect on the structure’s response. This is ideal in terms of upweller performance,
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since they rely on the heave motion of the surface node floats to induce nutrient upwelling.
However, a larger upweller may affect the system differently than the size considered did.

5.3 Orientation Comparison
Both models were subjected to wave and current forcing in two different orientations in order to
investigate the sensitivity of the array to dominant loading direction. The following results
indicate that the physical orientation of the array does influence its response.
5.3.1

Current

Table 5.3.1.a clearly shows that the submergence (negative heave) and setback (negative surge)
of the node float were much more significant at both current speeds in Orientation 2. The 9.3
cm/s current (1.2 m/s at full-scale) applied in Orientation 2 resulted in full-scale submergence
and setback values of 9 m and 25 m, respectively. The shift from Orientation 1 to Orientation 2
caused a nearly three order of magnitude increase in submergence and a 445% increase in
setback for a given current speed.
Table 5.3.1.a: Comparison of Orientation 1 (parallel to incident flow) and Orientation 2 (perpendicular
to incident flow) node float motion with upwellers for both current speeds. Values are from the
physical-model results.

Node Float
Motion
Heave

Loading

4.7 cm/s Current
(.625 m/s FS)
9.3 cm/s Current
(1.25 m/s FS)
Surge
4.7 cm/s Current
(.625 m/s FS)
9.3 cm/s Current
(1.25 m/s FS)
FS = full-scale equivalent

Orientation 1

Orientation 2

0.0 cm (0.0 m FS)

-1.04 cm (-1.87 m FS)

-.04 cm (-.07 m FS)

-5.0 cm (-9.0 m FS)

-1.92 cm (-3.46 m FS)

-11.4 cm (-20.5 m FS)

-3.12 cm (-5.62 m FS)

-13.9 cm (-25.0 m FS)
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5.3.2

Wave

The effects of model orientation with respect to dominant forcing direction were not as prevalent
for wave forcing, but Figures 5.3.2.a and 5.3.2.b show that there was some variation between the
two. The 2 cm wave regime resulted in greater heave response in Orientation 1 at all frequencies,
and the 5 cm saw greater heave at just the two lowest frequencies. Orientation 1 had less surge
response at all frequencies for both wave heights. Both orientations had similar frequency
dependent responses, and wave height did not seem to significantly affect the response
amplitudes. RAOs were greater at low frequencies for all test scenarios.

Figure 5.3.2.a: Orientation comparison for 2 cm wave regime with upwellers.
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Figure 5.3.2.b: Orientation comparison for 5 cm wave regime with upwellers.

5.3.3

Wave and Current

The wave and current orientation comparisons seen below show the same current-induced
response dampening mentioned earlier. It’s clear that regardless of orientation, current forcing
dominates the response while the effect of wave height is fairly minimal. Both orientations had
similar frequency dependence, but there is evidence of Orientation 2 resulting in slightly lesser
response amplitudes.
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Figure 5.3.3.a: The figure on the left shows the wave and current RAO results for Orientation 1, and the
figure on the right shows the wave and current RAO results for Orientation 2.

5.3.4

Random Seas

The change of orientation had fairly little effect on the resulting node float heave motion during
random wave testing, as seen by the similar values in Table 5.3.4.a. Surge motion, however,
more than doubled with the change from Orientation 1 to Orientation 2, and was nearly equal to
heave motion. This indicates that the node float experienced a more circular trajectory in
Orientation 2, compared to the more vertically dominated elliptical trajectory of Orientation 1.
The change in trajectory shape was caused by the greater horizontal restoring forces associated
with the mooring line geometry of Orientation 2.
Table 5.3.4.a: Comparison of Orientation 1 and Orientation 2 node float motion with upwellers for
random seas with 8 cm significant wave height and 1.2s peak period.

Node Float Motion
Heave RMS
Surge RMS
FS = full-scale equivalent

Orientation 1

Orientation 2

2.33 cm (4.19 m FS)
1.09 cm (1.96 m FS)

2.18 cm (3.92 m FS)
2.30 cm (4.14 m FS)
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5.4 Discussion
Based on the above results, it is clear that the orientation of the array with respect to the
dominant direction of environmental loading has an effect on the system’s dynamic response.
Orientation 1 resulted in significantly reduced submergence and setback due to current forcing,
and generally had greater heave response for wave and wave and current conditions. The reduced
submergence/setback and increased heave response of Orientation 1 are directly related, and can
be attributed to the geometry of the mooring system. When the load conditions were applied
parallel to the cultivation lines (Orientation 1), the geometry of the structure is such that the
angle of the mooring lines with respect to the direction of loading in the horizontal plane is
approximately 27 degrees. In Orientation 2, this angle is approximately 63 degrees. Figure 5.4.a
shows the angles of the mooring lines with respect to the direction of forcing.

Figure 5.4.a: Plan view of a Trophic tile indicating the angles of the mooring lines with respect to the
direction of forcing, either in the X direction (Orientation 1) or the Y direction (Orientation 2).

The low angle of Orientation 1 resulted in a mooring line tension that was nearly half as much as
that of Orientation 2 for a given force. This significant reduction in mooring line force translated
to the decreased node float setback and therefore decreased submergence observed in the
Orientation 1 current results. The lesser tension also allowed for greater node float cyclic
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response in the vertical plane during wave forcing, as is seen by the greater heave response of
Orientation 1 throughout most of the wave loadcases. Conversely, the higher mooring line
tensions of Orientation 2 for a given force caused increased node float setback and submergence,
as well as dampened heave response due to the lack of “play” in the lines. The wave-only
loadcases led to greater surge response in Orientation 2, likely due to the significant restoring
force associated with the higher-tensioned mooring lines. The combination of wave and current
forcing seemed to eliminate this trend though, with Figure 5.3.3.a showing no consistent
difference in surge response between the two orientations.

5.5 Component Proximity
The visual observations discussed in Chapter 3 provide qualitative insight into how the
individual components responded during tank testing. Changing component proximity was
observed in both model orientations, but overall there was less potential for contact for all
loadcases in Orientation 1. The model experienced much more deformation and unintentional
component proximity in Orientation 2, likely due to the significantly higher projected area acted
upon by the incident wave and current forces. The drastic setback and submergence seen in this
orientation during extreme loading caused the subsurface tension floats to lift downstream
mooring lines up and into proximity of the submerging cultivation lines. Tangling of the mooring
lines with the cultivation lines could be highly detrimental at full-scale, especially if the two
were to remain tangled once extreme loading subsided. Overlapping of longlines also occurred
during the extreme loading scenarios in Orientation 2, and while this behavior is not necessarily
harmful to the structure as a whole, it is far from ideal considering the time and effort likely
required to resolve it in a full-scale system.
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CHAPTER 6: CONCLUSION

6.1 Evaluation
A scaled physical-model of the 3x3 Trophic array was constructed and subjected to simulated
environmental loadcases in this study. The primary objective was to provide an evaluation of the
design’s performance in offshore conditions. Through the use of scale-model tank testing and
finite element comparison, the design’s dynamic motion response was characterized and
extrapolated to full-scale.
The 3x3 array consistently responded more to lower frequency waves, even when currents were
applied in addition to wave forcing. This low frequency wave-follower behavior is indicative of
relative fluid motion being largely mitigated, effectively minimizing the forces experienced by
the structure during storm conditions. This behavior is ideal for structures being deployed in
open-ocean locations in terms of structural integrity and system longevity. Testing the physicalmodel in both orientations provided insight into how the system’s response varied when forcing
was parallel to the longitudinal axis versus when it was perpendicular. The results indicate that
emphasis should be placed on the system’s orientation with respect to the dominant loading
direction when specifying the deployment of the full-scale structure. Based on the above results,
Orientation 1 was determined to be the most suitable configuration. The low potential for
component contact, and lesser structural deformation observed for all loading conditions in this
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orientation, is better suited to system longevity than the potentially harmful behaviors observed
in Orientation 2. Orientation 1 consistently exhibited more heave motion as well, which is ideal
in terms of upweller performance and therefore nutrient dispersion. Not only was the Trophic
design’s dynamic response suitable for full-scale conditions, no anomalous behaviors or
resonances detrimental to the concept were observed for any of the numerous loadcases.
However, the snap loading behavior that was occasionally present in the physical-model should
be given further consideration prior to any full-scale deployment. The design functioned as
intended based on qualitative confirmation of load sharing and geometric compliance within the
physical-model. Only the most extreme loading conditions resulted in the potential for
component contact, and certain measures, such as increasing pretension within the system, could
be implemented to mitigate this behavior. In conclusion, this study indicated that the Trophic
design is a robust engineering solution to cultivating massive amounts of macroalgae in highenergy ocean environments.

6.2 Future Work
Future work that could potentially further the understanding of the Trophic design’s performance
includes the full-scale deployment and subsequent data analysis. Random sea RAOs derived
from actual wave data and full-scale motion response would help to confirm the seakeeping
behaviors seen in the scaled physical-model. Prior to field deployment, there are several
additional studies that could be performed in the numerical model domain to increase knowledge
of the design’s response. Shadowing effects could be incorporated to more accurately represent
the effects of altered fluid flows caused by the kelp. In addition, more detailed modeling of the
hydrofoil upwellers would confirm their minimal effects on overall system response.
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APPENDIX A – Wave Staff Testing and Data Analysis

Wave Staff Testing
Prior to testing of the Trophic scale model, two Ocean Sensor Systems wave staffs were
deployed in the UNH wave tank to collect data regarding the output of the wavemaker. This data
provided insight into the difference between wave characteristics input into the wavemaker
software versus actual wavemaker outputs. The staffs were mounted to the wavemaker side of
the tow carriage, which was located at the center of the tow tank during testing. The staffs
collected time series data for four wave trials, each with a different combination of amplitude
and period. These input amplitudes and periods were selected based on an initial test program
that was used during artificial frame testing and can be seen in the table below. Both of the wave
staffs had been recently calibrated by the manufacturer prior to testing, and therefore had
accuracies on the order of 0.1 cm.
Wave staff test characteristics

Wave 1
Wave 2
Wave 3
Wave 4

Input Wave Height
[𝐦]
.05
.075
.10
.15

Input Wave Period
[𝐬]
.75
1.0
1.5
2.0
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Wave Staff Data Analysis
The raw data output by the wave staffs is the surface elevation measured in “count” units as a
function of time. The Ocean Sensor Systems staff manual provides a conversion from count units
to millimeters (Systems). This conversion was applied to the data, and then a smoothed power
spectra was generated using code provided by UNH Professor Tom Lippmann. The spectra was
band and ensemble averaged using five bands and one ensemble. The spectra was then
interpreted and analyzed to determine the center wave frequency and root-mean-square wave
height generated by the wavemaker. The center frequency was determined by identifying where
in the frequency domain the primary peak in spectral energy occurred. A statistical
representation of the wave heights, 𝐻𝑟𝑚𝑠 , was calculated as follows:
𝐻𝑟𝑚𝑠 = √8 ∗ 𝑆𝑡𝑑_𝑑𝑒𝑣
where the standard deviation is equal to the integral of the spectrum over the peak spectral
energy frequency range. Said frequency range was selected visually and centered around the
primary peak in spectral energy. Theoretically, this frequency range should include the primary
wave signal as well as its second and third harmonics. However, due to the nature of the UNH
wave tank, wave forcing causes other phenomena to occur within the rectangular basin that
cannot be distinguished from wave modes. Therefore, the spectrum was integrated over only the
primary peak during the 𝐻𝑟𝑚𝑠 calculation.

115

Wave Staff Results
Spectral analysis of the data collected by the wave staffs yielded insight into the characteristics
of the waves generated by the wavemaker. The plots below show that the wavemaker produces
narrow-banded spectra with a center frequency that matches the input value very closely for each
of the four trials. The same figure also shows that there are several other peaks in energy at
higher frequencies than that of the primary. The larger of these peaks are indicative of harmonics
of the wave signal, but the presence of the smaller peaks makes it difficult to definitively
distinguish harmonic energy from other phenomena occurring within the tank.

Spectral analysis of wave staff data. The red and blue lines represent the power spectra provided by the
two different wave staffs. The solid black lines represent the input wave frequency. The black dashed
lines represent harmonics of the wave signal. The dash-dot cyan lines represent longitudinal modes,
and the dashed green lines represent transverse modes.

The UNH wave tank is a rectangular basin with constant depth, and therefore any wave forcing
occurring within the tank is likely to cause both longitudinal and transverse seiche modes. The
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wave dissipater, referred to as the “beach”, was located at the non-wavemaker end. It exists to
absorb the incoming wave energy, so that it is not reflected back towards the wavemaker. The
beach minimizes the presence of longitudinal modes, but ultimately some of the energy is still
reflected and appears within the spectra. There is nothing within the tank to prevent transverse
seiche modes, and therefore their energy is prevalent within the spectra. Merian’s formula for
rectangular tank seiches was implemented to determine the frequency of these longitudinal and
transverse modes. Longitudinal modes 𝑇𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 were defined as
1 2𝐿

𝑇𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 = 𝑛

√𝑔ℎ

,

where L is the length of the tank, g is the force of gravity, h is the water depth, and n is equal to
1,2,3,… Transverse modes 𝑇𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 were defined as
𝑇𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 =

1
𝐿 2
√(( )
𝐵

𝑚2 + 𝑛 2 )

2𝐿
√𝑔ℎ

,

where B is the breadth of the tank and m is equal to 0,1,2,3,…

UNH wave tank dimensions
Tank Dimensions
Length (L)
Breadth (B)
Depth (h)

Value
30.5 m
3.65 m
2.44 m

Based on the plots above, it’s evident that these modes are not only present within the spectra,
but sometimes even occur at the primary input frequency and at the harmonics. Therefore, any
statistical representation of wave height had to be calculated only over the frequency range of the
primary peak as to not drastically skew the result with energy from the seiche modes.
Regardless, the 𝐻𝑟𝑚𝑠 calculations of the 1.5 s and the .75 s wave trial were skewed slightly since
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two of the transverse tank modes happened to occur at almost the same input periods. Ultimately,
the waves generated are not purely monochromatic because the wavemaker cannot produce
perfectly linear waves. The inherent non-linear behavior combined with the tank modes results in
wave signals that are somewhat complex instead of strictly monochromatic.

Due to the physical spacing of the two staffs across the width of the tank during testing and the
presence of transverse seiche, there is some degree of transverse variability between their results.
This can be seen in the spectral energy figure at transverse seiche mode frequencies where the
energy is significantly different between the red and blue lines. Staff 1 data was selected for the
𝐻𝑟𝑚𝑠 calculations, and these statistical representations combined with the input wave heights
were plotted against input wave period in the following figure.

Wave staff output and wavemaker input as a function of wave period.
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Aside from the .05 m, .75 s wave trial, the wave staffs were not subjected to the same forcing
conditions that were used during physical-model testing. The ratio of 𝐻𝑟𝑚𝑠 height to input height
was used proportionally at each period to extrapolate the trend in wavemaker output to the model
testing wave parameters. The extrapolated wave heights were then used to more accurately
process and interpret the model’s motion data and can be seen below in the second table.

Input and 𝐻𝑟𝑚𝑠 output comparison
Input Wave
Height
[m]

𝑯𝒓𝒎𝒔 Output Wave
Height
[m]

Input Wave
Period
[s]

Primary Output
Wave Period
[s]

.05
.075
.10
.15

.0695
.0844
.0973
.1212

.750
1.0
1.5
2.0

.753
1.01
1.48
2.0

Wave 1
Wave 2
Wave 3
Wave 4

Extrapolated output wave heights
Input Wave
Period
[s]

Input Wave
Height
[m]

Extrapolated Output
Wave Height
[m]

.75
1.0
1.25
1.5

.02
.02
.02
.02

.0278
.0225
.0195
.0162

.75
1.0
1.25
1.5

.05
.05
.05
.05

.0695
.0562
.0486
.0404
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APPENDIX B – Physical Scaled Modeling Test Results

Orientation 1: System Parallel to Force Direction without Upwellers

Current
Displacements for 4.7 cm/s and 9.3 cm/s current speed

The higher 9.3 cm/s test was performed on Day 1 while the 4.7 cm/s test was performed on Day
3. The lesser water depth of Day 3 created slack within the mooring system and allowed for more
deformation even though it was only subjected to half the current velocity of Day 1. Unlike the
wave data, there was no depth correction factor that could be applied to the current data. This
error was only present for this particular test set though, as all other current tests within a
particular test set were conducted on the same day.
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Wave
Heave and surge RAOs for 2 cm and 5 cm wave heights in Orientation 1 without upwellers.

Node Float Motion
2 cm wave height
5 cm wave height
Heave RAO
[0.341, 0.922, 0.871, 0.945]
[0.427, 0.574, 0.863, 0.927]
Surge RAO
[0.141, 0.119, 0.188, 0.452]
[0.086, 0.167, 0.294, 0.472]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Wave and Current
Heave and surge RAOs for 2 cm wave heights with colinear currents in Orientation 1 without
upwellers.

Node Float Motion

2 cm wave height with
2 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.417, 0.458, 0.776, 0.746]
[0.312, 0.415, 0.552, 0.611]
Surge RAO
[0.113, 0.061, 0.268, 0.322]
[0.151, 0.099, 0.122, 0.128]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Heave and surge RAOs for 5 cm wave heights with colinear currents in Orientation 1 without
upwellers.

Node Float Motion
Heave RAO
Surge RAO

5 cm wave height with
4.7 cm/s current
[0.315, 0.511, 0.699, 0.763]
[0.110, 0.057, 0.230, 0.343]

5 cm wave height with
9.3 cm/s current
[0.233, 0.404, 0.547, 0.676]
[0.262, 0.104, 0.037, 0.124]

*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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Orientation 1: System Parallel to Force Direction with Upwellers

Current
Displacements for 4.7 cm/s and 9.3 cm/s current speed

Wave
Heave and surge RAOs for 2 cm and 5 cm wave heights in Orientation 1 with upwellers.

Node Float Motion
2 cm wave height
5 cm wave height
Heave RAO
[0.527, 0.892, 0.789, 0.879]
[0.370, 0.663, 0.713, 0.901]
Surge RAO
[0.156, 0.118, 0.257, 0.573]
[0.098, 0.102, 0.252, 0.514]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Wave and Current
Heave and surge RAOs for 2 cm wave heights with colinear currents in Orientation 1 with upwellers.

Node Float Motion

2 cm wave height with
2 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.514, 0.587, 0.728, 0.828]
[0.232, 0.401, 0.558, 0.625]
Surge RAO
[0.076, 0.071, 0.223, 0.304]
[0.089, 0.058, 0.088, 0.166]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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Heave and surge RAOs for 5 cm wave heights with colinear currents in Orientation 1 with upwellers.

Node Float Motion

2 cm wave height with
2 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.316, 0.603, 0.669, 0.754]
[0.252, 0.372, 0.447, 0.505]
Surge RAO
[0.160, 0.087, 0.199, 0.312]
[0.237, 0.060, 0.036, 0.066]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Orientation 1: Upweller Comparison

2 cm Wave
Heave and surge RAOs for 2cm wave heights in Orientation 1 with and without upwellers.
Node Float Motion
No Upwellers
Upwellers
Heave RAO
[0.341, 0.922, 0.871, 0.945]
[0.527, 0.892, 0.789, 0.879]
Surge RAO
[0.141, 0.119, 0.188, 0.452]
[0.156, 0.118, 0.257, 0.573]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

5 cm Wave
Heave and surge RAOs for 5cm wave heights in Orientation 1 with and without upwellers.
Node Float Motion
No Upwellers
Upwellers
Heave RAO
[0.427, 0.574, 0.863, 0.927]
[0.370, 0.663, 0.713, 0.901]
Surge RAO
[0.086, 0.167, 0.294, 0.472]
[0.098, 0.102, 0.252, 0.514]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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Orientation 2: System Parallel to Force Direction without Upwellers

Current
Displacements for 4.7 cm/s and 9.3cm/s current speed

Wave
Heave and surge RAOs for 2 cm and 5 cm wave heights in Orientation 2 without upwellers.
Node Float Motion
2 cm wave height
5 cm wave height
Heave RAO
[0.406, 0.775, 0.640, 0.740]
[0.426, 0.644, 0.621, 0.784]
Surge RAO
[0.495, 0.359, 0.350, 0.593]
[0.207, 0.233, 0.318, 0.589]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Wave and Current:
Heave and surge RAOs for 2 cm wave heights with colinear currents in Orientation 2 without
upwellers.
Node Float Motion

2 cm wave height with
2 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.343, 0.445, 0.510, 0.620]
[0.199, 0.362, 0.403, 0.431]
Surge RAO
[0.225, 0.071, 0.036, 0.143]
[0.246, 0.086, 0.085, 0.101]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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Heave and surge RAOs for 5 cm wave heights with colinear currents in Orientation 2 without
upwellers.
Node Float Motion

5 cm wave height with
5 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.327, 0.577, 0.592, 0.672]
[0.236, 0.297, 0.369, 0.458]
Surge RAO
[0.242, 0.057, 0.060, 0.153]
[0.293, 0.063, 0.058, 0.112]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Orientation 2: System Parallel to Force Direction with Upwellers

Current
Displacements for 4.7 cm/s and 9.3 cm/s current speed

Wave
Heave and surge RAOs for 2 cm and 5 cm wave heights in Orientation 2 with upwellers.
Node Float Motion
2 cm wave height
5 cm wave height
Heave RAO
[0.444, 0.704, 0.683, 0.751]
[0.466, 0.696, 0.666, 0.816]
Surge RAO
[0.521, 0.328, 0.421, 0.641]
[0.285, 0.306, 0.335, 0.631]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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Wave and Current
Heave and surge RAOs for 2 cm wave heights with colinear currents in Orientation 2 without
upwellers.
Node Float Motion

2 cm wave height with
2 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.433, 0.455, 0.548, 0.588]
[0.271, 0.321, 0.352, 0.499]
Surge RAO
[0.199, 0.036, 0.035, 0.080]
[0.267, 0.090, 0.086, 0.074]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
Heave and surge RAOs for 5 cm wave heights with colinear currents in Orientation 2 with
upwellers.
Node Float Motion

5 cm wave height with
5 cm wave height with
4.7 cm/s current
9.3 cm/s current
Heave RAO
[0.327, 0.485, 0.553, 0.667]
[0.223, 0.360, 0.380, 0.500]
Surge RAO
[0.255, 0.073, 0.074, 0.169]
[0.327, 0.102, 0.097, 0.121]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]

Orientation 2: Upweller Comparison

2 cm Wave
Heave and surge RAOs for 2 cm wave heights in Orientation 2 with and without upwellers.
Node Float Motion
No Upwellers
Upwellers
Heave RAO
[0.406, 0.775, 0.640, 0.740]
[0.444, 0.704, 0.683, 0.751]
Surge RAO
[0.495, 0.359, 0.350, 0.593]
[0.521, 0.328, 0.421, 0.641]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
5 cm Wave
Heave and surge RAOs for 5 cm wave heights in Orientation 2 with and without upwellers.
Node Float Motion
No Upwellers
Upwellers
Heave RAO
[0.426, 0.644, 0.621, 0.784]
[0.466, 0.696, 0.666, 0.816]
Surge RAO
[0.207, 0.233, 0.318, 0.589]
[0.285, 0.306, 0.335, 0.631]
*RAO values are in order of increasing period/decreasing frequency [.75s, 1.0s, 1.25s, 1.5s]
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